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This  report  summarizes  NIST  research  efforts  in  the  development  of  compos- 
ite struts  for  Superconducting  Magnetic  Energy  Storage  (SMES)  plants.  Large  SMES 
plants  require  radial  structural  support  for  the  superconducting  coils  to  the  outer  walls 
to  assist  in  restraining  the  coil  cool-down  and  Lorentz  forces.  The  struts  proposed  for 
this  structural  support  must  have  good  axial  compressive  strength  and  low  axial  ther- 
mal conductivity,  as  well  as  low  cost. 

A variety  of  E-glass  fibers,  resins,  lay-up  angles  and  manufacturing  methods 
were  evaluated  in  the  course  of  this  program,  at  temperatures  ranging  from  295  to 
76  K.  Analysis  methods  are  presented  that  describe  the  response  of  fiber-reinforced 
composite  cylinders  and  end-fitting  designs  to  axially  varying  mechanical  and  thermal 
loads.  Finally,  failure-mode  and  tube-design  studies  were  conducted  to  optimize 
support-tube  design  based  on  minimum  cross-sectional  area  with  allowable  strain 
values  used  as  design  constraints. 

Key  words:  composite;  compression;  cryogenic;  fibers;  resin;  struts;  superconductivity; 
supports;  tubes 


I.  Executive  Summary 

A comprehensive  program  was  undertaken  to  improve  the  compressive  strength  and 
technology  base  of  glass/resin  tubes  for  use  in  future  Superconducting  Magnetic  Energy 
Storage  (SMES)  plants.  Because  these  tubes  must  restrain  the  cool-down  and  Lorentz  forces 
of  the  superconducting  magnet  coils,  the  program  emphasized  the  low-temperature  mechani- 
cal and  thermal  properties  of  neat  resins,  unidirectional  composites,  and  tubes  of  various 
fiber  lay-ups.  The  thermal  and  mechanical  properties  of  E-glass  fibers,  which  were  used  as 
the  tube  reinforcement,  were  critically  reviewed.  Eighteen  different  epoxy,  vinyl-ester,  poly- 
ester, and  cyanate-ester  resin  systems  were  tested.  Five  different  epoxy,  vinyl-ester,  and 
cyanate-ester  resin  systems  were  used  for  tube  construction.  Two  methods  of  tube  produc- 
tion, filament-winding  and  pultnision,  were  also  evaluated. 
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In  general,  the  compressive  strengths  of  E-glass/resin-matrix  composite  tubes  are 
about  50%  higher  at  low  temperatures  than  at  room  temperature.  Lay-ups  that  produced  the 
strongest  tubes  contained  fiber  layers  with  near-0°  (axial)  orientation  plus  a few  layers  with 
near-90°  (hoop)  orientation.  The  strongest  tubes  were  those  that  consisted  of  filament- wound 
layers  of  epoxy  resin  (DGEBA)  reinforced  with  E-glass.  Nevertheless,  vinyl-ester  and  poly- 
ester resins  should  be  considered  on  the  basis  of  resin  and  production  costs. 

Tubes  were  analyzed,  on  the  basis  of  strain  and  stress  criteria,  to  predict  the  thermal 
and  mechanical  performance  of  struts,  to  assess  the  possibility  of  predicting  compressive 
failure  based  on  strain  readings  at  lower  stress  levels,  and  to  study  end  fixtures. 

A relatively  large  amount  of  scatter  was  observed  in  the  mechanical-property  data  of 
both  neat  resins  and  tubes.  The  scatter  of  compressive-strength  data  for  the  tubes  was  judged 
to  be  related  to  material  inconsistencies,  such  as  porosity,  resin-rich  areas,  and  fiber  wavi- 
ness. The  scatter  of  neat-resin  tensile  data  corresponded  to  the  square  root  of  the  size  of  the 
defects,  such  as  pores  and  second-phase  particles,  that  had  been  identified  as  crack  initiation 
sites.  For  neat  resins,  extrapolation  of  the  295-K  and  76-to-4-K  data  sets  to  zero  defect  sizes 
provided  inherent  tensile-strength  values  of  about  100  MPa  (14.5  ksi)  at  295  K and  170  MPa 
(24.5  ksi)  at  76  to  4 K.  The  initiation  of  virtually  all  neat-resin  failures  at  defect  sites  sug- 
gests that  processing  is  a significant  factor  in  the  initiation  of  matrix  microcracking  and 
subsequent  failure  of  composite  tubes. 

Mechanical  failures  in  the  strut  system,  which  will  operate  in  the  temperature  range 
4 to  295  K,  are  most  probable  at  room  temperature.  It  was  determined  that  tubes  can  be 
produced  in  sizes  up  to  250  mm  (10  in)  in  diameter  with  480  to  500  MPa  (70  to  80  ksi) 
compressive  strength  at  room  temperature.  At  10^  cycles,  the  compressive  fatigue  strength 
at  room  temperature  is  expected  to  be  about  25%  lower.  To  maintain  this  strength  level, 
production  techniques  must  be  improved  to  reduce  tube  defects. 

We  recommend  future  research  to  establish  acceptance  criteria  for  tubes  and  tube 
systems  (including  end  caps  and  thermal  intercepts).  This  research  should  entail 

1.  development  of  a screening  test  to  eliminate  tubes  with  low  strength 

2.  establishment  of  maximum  operating  stress  levels 

3.  establishment  of  appropriate  safety  factors  that  consider  structural  redundancy,  fatigue, 
and  in-service  inspection,  repair,  and  replacement  of  SMES  plant  strut  systems 
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In  1987  a program  was  initiated  to  demonstrate  the  feasibility  of  superconducting 
magnetic  energy  storage  (SMES)  and  to  consider  the  construction  of  an  engineering  test  model 
(ETM).  It  was  primarily  sponsored  by  the  Strategic  Defense  Initiative  Office  (SDIO),  partially 
supported  by  the  Electric  Power  Research  Institute  (EPRI),  and  managed  by  the  Defense 
Nuclear  Agency  (DNA).  The  program  objectives  were  to  assess  the  feasibility  of  using  SMES 
technology  to  provide  electrical  power  for  defense  purposes  (SDIO)  and  to  provide  grid  stability 
and  control  and  load  leveling  to  benefit  the  electric-power  utilities  (EPRI).  During  Phase  I of 
this  program,  a 72  GJ  (20  MW  ‘h)  ETM  was  designed  by  two  teams.  These  industrial  teams 
were  led  by  EBASCO  Services  and  Bechtel  National.  Their  final  report  for  Phase  I activities 
was  submitted  to  DNA  in  1991. 

Large  SMES  plants  require  radial  structural  support  from  the  superconducting  coils 
to  the  outer  walls  to  assist  in  restraining  the  coil  cool-down  and  Lorentz  forces.  The  inner 
columns  of  struts  transmit  most  of  the  forces  from  coil  contraction  during  cool-down  to  the 
inner  trench  wall,  and  the  outer  struts  transmit  the  Lorentz  forces  produced  during  coil  opera- 
tion to  the  outer  trench  wall.  Between  1,000  and  2,000  struts  are  estimated  to  be  needed  for  the 
engineering  test  model  (ETM),  and  as  many  as  30,000  have  been  estimated  for  full-scale  plants. 
Typical  sizes  of  struts  range  from  about  0.15  to  0.30  m in  diameter  and  from  1.5  to  2.5  m in 
length. 


For  operational  efficiency,  the  struts  must  have  good  axial  compressive  strength  and 
low  axial  thermal  conductivity.  Both  teams  selected  E-glass-fiber-reinforced,  epoxy-matrix 
composites  as  the  structural  material  for  the  struts.  Technical  variables  for  property  optimi- 
zation include  fiber  lay-up,  resin  type,  manufacturing  method,  and  optimization  of  the  manu- 
facturing process.  Problems  were  encountered  by  both  teams  in  achieving  strength  levels  in 
ETM-size  struts  comparable  to  those  based  on  smaller  coupon  or  tube  tests.  These  results  had 
not  been  anticipated,  and  neither  team  allocated  adequate  program  resources  to  address  this 
shortcoming. 

This  program  continued  the  research  on  struts  that  was  initiated  by  both  industrial  teams 
during  Phase  1.  It  was  needed  for  the  following  reasons:  Support  struts  are  an  essential  com- 
ponent of  SMES  plants;  they  contribute  substantially  to  capital  and  operational  costs  and  to 
plant  safety  and  reliability.  Neither  industrial  team  developed  a technical  basis  for  analyses, 
production  of  full-scale  support  struts,  or  improvement  of  compressive  strengths  of  larger 
struts.  Since  many  struts  are  required,  cost  savings  are  achievable  through  optimization  of 
strut  design,  materials,  production  technique,  and  performance. 
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Our  program  was  divided  into  four  principal  tasks: 

1.  Various  generic  classes  of  resins  that  are  suitable  for  either  filament-winding  or  pultrusion 
manufacturing  processes  were  tested  at  room  and  low  temperatures.  In  all,  eighteen  dif- 
ferent resins— including  epoxy,  cyanate-ester,  vinyl-ester,  and  polyester  systems— were 
studied. 

2.  Properties  of  composite  plates  with  unidirectionally  oriented  E-glass  fibers  in  both  epoxy 
and  cyanate-ester-resin  matrices  were  measured  at  295,  76,  and  4 K. 

3.  Compressive  properties  of  composite  struts,  ranging  from  100  mm  (4  in)  to  250  mm  (10  in) 
in  diameter,  were  obtained  at  295,  76,  and  4 K.  Fiber  lay-up,  tube  thickness  and  length, 
and  resin  system  were  varied  in  these  experiments.  Limited  fatigue  data  were  also  obtained. 

4.  Analytic  and  failure  analyses  studies  were  conducted.  These  included  the  development  of 
stress-  and  strain-controlled  thermal-mechanical  modeling  for  property  prediction  and 
quality  control,  the  modeling  of  end  fixtures,  and  analyses  of  failed  tubes. 

This  comprehensive  program  on  composite  strut  properties  with  composite  component 
(reinforcement/matrix)  characterization  and  on  analytic  modeling  should  provide  a firm  tech- 
nical foundation  on  which  to  base  future  strut  design  and  manufacturing.  The  specific  objec- 
tives of  the  program  were  (1)  to  provide  a technical  basis  for  the  future  production  of  struts 
by  developing  thermal-mechanical  analyses  and  supplying  process-selection  information  and 
thermal  and  mechanical  design  data  and  (2)  to  improve  the  ultimate  compressive  strength  of 
full-scale  struts  at  both  room  and  low  temperatures.  Achievement  of  these  objectives  should 
result  in  a significant  reduction  in  the  cost  of  the  strut  systems  as  a result  of  improved  thermal 
efficiency  and  the  reduction  in  the  size  of  the  struts  and,  thus,  in  the  amount  of  composite 
material  required. 

The  program,  "Development  of  Composite  Supports  for  SMES,"  has  been  sponsored  by 
the  Defense  Nuclear  Agency,  under  Cost  Reimbursable  Order  Number  91-854,  with  Lt.  Col. 
William  Dungan,  followed  by  Col.  Kevin  Yelmgren  and  Capt.  David  Jacobs,  project  monitors. 
We  also  appreciate  the  support  of  Michael  Superczynski  of  the  David  Taylor  Research  Center 
and  leader  of  the  SMES  Technical  Advisory  Group  and  the  contributions  of 

• R.  Lyon  and  S.  DeTeresa  (Lawrence  Livermore  National  Laboratories),  J.  Keester  and 

S.  Hansen  (Addax),  and  D.  Longburg  (Ershigs)  for  their  recommendations  of  resin  systems 
for  evaluation 

• Brant  Goldsworthy  (consultant)  for  advice  on  pultrusion 

• Bob  Baucom  (NASA-Langley)  for  advice  and  assistance  in  tube  production 

• Renee  Deal  (University  of  Colorado)  for  countless  hours  of  data  reduction  and  graphs 

• Gerald  Velarde  and  David  Mason  (University  of  Colorado)  for  conducting  mechanical 
property  tests 
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1 . Summary 

Eighteen  different  neat-resin  systems  with  potential  for  use  as  the  matrix  resin  in 
filament- wound  or  pultruded  support  struts  for  SMES  plants  were  studied  at  low  temperatures. 
They  included  four  resin  classes— epoxies,  vinyl  esters,  cyanate  esters,  and  polyesters— and 
three  types  of  resins  systems— filled,  multifunctional,  and  toughened.  The  properties  measured 
were  shear,  tensile,  thermal  conductivity,  and  thermal  contraction  from  room  to  liquid-helium 
temperatures.  A new  type  of  residual -stress  measurement  technique  was  developed  to  assess  the 
effects  of  resin  shrinkage  during  curing  and  cooling. 

Correlations  were  found  between  elastic  moduli  and  resin  density,  thermal  contraction 
and  type  of  resin  system,  thermal  conductivity  and  resin  density,  tensile  and  shear  strength  and 
type  of  resin  system,  shear  and  tensile  moduli  and  resin  hardness  and  density.  Tensile  failures 
were  identified  as  originating  from  flaws  in  the  neat-resin  specimens,  and  a good  correlation 
was  obtained  between  flaw  size  and  tensile  strength.  Extrapolation  to  zero  flaw  size  enabled 
estimation  of  inherent  strength  at  each  test  temperature,  and  use  of  the  dependency  of  strength 
on  flaw  size  enabled  estimation  of  the  inherent  fracture  toughness. 

Neither  a resin  class  nor  an  individual  resin  was  found  to  be  superior  in  low-tempera- 
ture performance.  However,  the  effects  of  polymer  chemistry  and  variations,  such  as  the  addi- 
tion of  fillers,  tougheners,  or  multifunctional  components,  were  identified:  they  affected  not 
only  the  absolute  values  of  the  mechanical  and  thermal  properties,  but  also  the  temperature 
dependence  of  these  properties. 

Effective  utilization  of  the  information  in  this  study  requires  knowledge  of  composite 
structural  failure  mechanisms  and  analytic  modeling.  The  influence  of  matrix  properties  on  the 
failure  mechanisms  must  be  understood,  and  resin  selection  should  be  based  on  the  matrix 
properties  that  minimize  failure. 
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2.  Introduction 


For  future  superconducting  magnetic  energy  storage  (SMES)  plants,  composite  struts 
are  proposed  to  be  used  for  radial  support  of  the  superconducting  coil  against  the  trench  wall. 
Cool-down  (coil-contraction)  forces  are  transmitted  to  the  inner  trench  wall  and  Lorentz  (coil- 
hoop-expansion)  forces  are  transmitted  to  the  outer  wall  of  the  trench.  The  requirements  of  high 
compressive  strength,  low  thermal  conductivity,  and  low  capital  costs  suggest  the  use  of  fiber- 
reinforced,  resin-matrix  composite  tubes. 

Composite  properties  are  dependent  on  (1)  the  properties  of  the  matrix  and  reinforce- 
ment, (2)  the  interactions  of  these  matrix  and  reinforcement  properties  and  their  influence  on 
other  properties,  and  (3)  the  bond  strength  between  matrix  and  reinforcement.  Both  the  me- 
chanical and  physical  properties  of  a composite  are  derived  from  some  combination  of  the 
properties  of  the  matrix  and  reinforcement;  usually  a rule-of-mixtures  approach  gives  the  best 
approximation.  The  properties  of  the  composite  are  also  influenced  by  the  disparity  between  the 
properties  of  the  matrix  and  the  reinforcement.  For  instance,  on  cooling  from  a resin  cure  tem- 
perature, the  thermal  contraction  of  the  resin  is  considerably  larger  than  that  of  a glass-fiber 
reinforcement,  causing  a large  residual  stress  in  the  vicinity  of  the  fiber-matrix  interface.  Un- 
der certain  loading  conditions  in  the  composite,  this  residual  stress  results  in  reduced  strength 
or  toughness.  The  adhesive  strength  between  the  reinforcement  and  matrix  also  contributes  to 
the  composite  strength.  Premature  failures  at  the  interfaces  may  provide  a series  of  microcracks 
that  affect  the  elastic,  thermal,  and  strength  properties  of  the  composite. 

Selection  of  the  resin  is  also  important  from  a cost  standpoint.  The  bisphenol  A and 
F and  cycloalphiatic  epoxy  resins  included  in  this  report  cost  between  $3  and  $4  per  pound. 
Multifunctional  epoxies  and  cyanate  esters  are  much  more  expensive  ($20  to  $50  per  pound). 

On  the  other  hand,  polyester  resins  are  inexpensive,  costing  between  $1.00  and  $1.20  per 
pound,  and  vinyl  esters  are  about  $2  per  pound.  We  estimate  that  a full-scale  SMES  plant  will 
use  about  4,(X)0,000  pounds  of  resin  for  the  radial  support  struts.  Thus,  each  dollar  saved  per 
pound  in  the  cost  of  the  resin  results  in  an  overall  saving  of  $4,000,000!  For  this  reason,  unless 
their  price  falls  considerably,  it  is  very  unlikely  that  multifunctional  epoxy  or  cyanate-ester 
resin  systems  will  be  used. 

The  objectives  of  this  program  were  (1)  to  conduct  sufficient  property  measurements 
and  testing  to  enable  evaluation  of  the  candidate  neat-resin  systems  on  the  basis  of  their  low- 
temperature  characteristics  and  (2)  to  provide  accurate  property  data  of  neat-resin  systems  for 
input  into  thermomechanical  models  to  predict  composite  strut  behavior.  Correlation  between 
neat-resin  properties  and  composite  performance  may  provide  insight  for  the  screening  of  neat 
resins  in  the  future. 

Since  the  overall  purpose  of  the  program  was  to  improve  the  performance  and  lower 
the  cost  of  composite  struts,  the  resin  systems  included  in  this  program  were  those  that  are  can- 
didates for  filament  winding  or  pultrusion  of  large  glass-fiber-reinforced  struts.  Four  generic 
classes  of  resin  systems  were  studied;  epoxy,  vinyl  ester,  cyanate  ester,  and  polyester.  Since 
typical  pultrusion  fabrication  includes  the  use  of  filler  material  in  the  resin  system,  two  differ- 
ent resins  were  evaluated  that  contained  fillers.  Newer  epoxy  resins  developed  for  aerospace  or 
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defense  applications  include  multifunctional,  toughened,  and  multifunctional  toughened  systems; 
typical  examples  of  these  systems  were  included.  In  some  cases,  filament-winding  or  pultrusion 
companies  had  previously  worked  extensively  with  specific  resin  systems,  and  these  systems 
were  included  in  the  program.  Altogether,  18  different  resin  systems  were  studied.  They  are 
identified  in  Table  2.1;  the  abbreviations  used  throughout  this  report  to  designate  the  resin 
systems  are  defined  in  Table  2.2. 

Knowledge  of  resin  properties  is  essential  for  accurate  design  and  modeling  of  com- 
posite structural  components.  The  struts  used  for  radial  support  of  superconducting  coils  in 
future  SMES  plants  are  tubes.  The  failure  stress  for  localized  and  column  (Euler)  buckling  of 
cylinders  is  linearly  related  to  the  compressive  elastic  modulus.  The  fibers  aligned  in  the  near- 
0°  direction  (parallel  to  the  tube  axis)  contribute  very  substantially  to  the  magnitude  of  the  elas- 
tic moduli  [2.1]*  so  that  matrix  contributions  to  the  compressive  elastic  modulus  are  relatively 
small  and  may  be  insignificant.  However,  the  buckling  or  kinking  of  individual  fibers  within  an 
elastic  medium,  also  called  microbuckling,  is  strongly  affected  by  the  stiffness  of  the  elastic 
resin  system  [2. 1-2.3].  As  the  tensile  and  shear  moduli  of  the  resin  system  increase,  the  stress 
level  required  to  initiate  microbuckling  increases.  This  dependence  on  matrix  stiffness  has  been 
reported  to  be  much  stronger  in  unidirectional  ply  (graphite-fiber)  composites  [2.1]  than  in 
quasi-isotropic  (graphite-fiber)  lay-ups  [2.2]  or  in  unidirectional  ply  (stainless-steel-reinforced) 
composites  [2.3]. 

Other  resin  selection  criteria  have  been  developed  from  a mechanics  approach  that  re- 
late the  properties  of  composites  to  the  properties  of  unidirectional  ply  and  component  prop- 
erties [2.4].  For  improvement  of  laminate  strength,  ply  shear  energy,  and  composite  toughness, 
the  ratio  of  resin  strength  to  modulus  must  be  increased.  Although  this  ratio  may  be  referred  to 
as  an  apparent  strain,  it  is  clearly  not  a strain  to  failure  unless  the  stress-strain  curve  is  linear 
elastic. 


Under  compressive  loads,  composite  failures  that  are  dominated  by  delamination  (i.e., 
interlaminar  strength)  or  by  micromechanics  (i.e.,  compressive  strength)  of  the  fiber  have  been 
empirically  related  to  the  resin  tensile  strength  and  Young’s  modulus,  respectively  [2.5]. 

Other  major  programs  that  use  composites  at  low  temperatures  have  also  conducted 
resin-evaluation  programs.  The  Gravity  Probe-B  program  studied  resin  alternatives  to  be  used 
in  the  gamma-alumina  fiber-reinforced  neck  tubes  and  support  struts  [2.6].  The  selection 
criteria  included  microcracking  and  helium  permeability  tendencies,  shear  modulus  at  room 
temperature,  and  processibility  with  gamma-alumina  fiber.  Four  candidates,  including  three 
DGEBA  epoxies  and  one  cyanate-ester  resin  were  included  in  the  final  evaluation.  An 
anhydride-cured  epoxy  was  selected  for  use. 

The  National  Aerospace  Plane  program  also  has  an  ongoing  resin-evaluation  program 
for  cryogenic  applications.  In  this  program,  flexure  testing  at  77  K was  used  as  the  key  me- 
chanical property  to  screen  candidate  neat  resins. 


*Numbers  within  square  brackets  denote  references  at  the  end  of  the  section. 
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Table  2.1.  Resin  identification. 


Type  & Designation 

Description 

Supplier 

Trade  Name 
or  Number 

Epoxy 

DGEBA/DCH/ARA/ACL 

Addax  proprietary 

Dow  Chemical 

Tactix  123 

DGEBA/ ALA/ACL 

CTD  proprietary 

Composite 

Technology 

Development 

501 

DGEBA-ST/ARA/ACL/F 

used  for  pultrusion 

Shell 

9310 

DGEBF/CTBN/AN 

Addax  proprietary 

Shell 

DPL  862 

NV/AN/ACL 

CTD  proprietary 

Composite 

Technology 

Development 

102 

Cyclo.A/CTBN/AN/ACL 

LLNL  developed 

Ciba-Geigy 

179 

Cyclo.  A/ AN/ACL 

LLNL  developed 

Ciba-Geigy 

179 

MLTF/ARA 

Hercules  proprietary 

Hercules 

3502 

METF/ARAA-GH 

Hercules  proprietary 

Hercules 

8553-50 

Cyanate  Ester 


CE/VT/Co.AA 

CE 

CE(PT) 

CE/HTBN/NPh/Cu.AA 

LLNL  developed 

ICI  proprietary 

Allied-Signal  proprietary 

LLNL  developed 

Dow  Chemical 

ICI 

Allied-Signal 

Rhone-Poulenc 

XU71781.02 

954-3 

Cryorad 

REX-378 

Vinyl  Ester 

VE/CHX 

available  from  foreign 
source 

Dainippon  Ink 
and  Chemicals 

Diclite  UE-3505 

VE-EL/MEKP 

commonly  used  for 
pultrusion 

Dow  Chemical 

Derakane  8084 

VE/CHP/F 

CTD  proprietary 

Composite 

Technology 

Development 

X700 

VE/CHP/CoNap/2,4-P 

CTD  proprietary 

Composite 

Technology 

Development 

X800 

Polyester 

PE/MEKP 

commonly  used 

Owens  Corning 

701 
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Table  2.2.  Abbreviations. 


Resins: 

CE 

cyanate  ester 

CE(PT) 

cyanate  ester  (phenolic  triazine) 

Cyclo.A 

cycloaliphatic  epoxy 

DGEBA 

diglycidylether  of  bisphenol-A  epoxy 

DGEBA-ST 

diglycidylether  of  bisphenol-A  epoxy,  styrene  modified 

DGEBF 

diglycidylether  of  bisphenol-F  epoxy 

MLTF 

multifunctional  epoxy 

NV 

novolac  epoxy 

PE 

polyester 

VE 

vinyl  ester 

VE-EL 

vinyl  ester,  elastomer  modified 

Curing  Agents: 

ALA 

aliphatic  amine 

AN 

anhydride 

ARA 

aromatic  amine 

Tougheners  and 

Modifiers: 

CTBN 

carbonyl  terminated  butadiene  acrylonitrile  copolymer  (rubber) 

DCH 

diaminocyclohexane  (epoxy  modifier) 

F 

filler 

HTBN 

hydroxyl  terminated  butadiene  acrylonitrile  copolymer  (rubber) 

TGH 

toughened 

Accelerators,  Catalysts,  Promotors,  and  Retarders: 

2,4-P 

2,4-pentanedione 

ACL 

accelerator  for  epoxy  resins 

CHP 

cumene  hydroperoxide 

CHX 

cyclohexanone  peroxide 

Co.AA 

cobalt  (III)  acetyl  acetonate 

Co  Nap 

cobalt  naphthenate 

Cu.AA 

cupric  acetyl  acetonate 

DMA 

dimethyl  aniline 

MEKP 

methyl  ethyl  ketone  peroxide 

NPh 

nonyl  phenol 

VT 

vinyl  toluene 
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This  study  of  neat  resins  addressed  the  need  for  matrix  property  data  and  some  of  the  con- 
cerns about  property  interactions.  Bond  strengths  were  not  studied  in  this  program.  Mechanical 
properties  included  tensile  and  shear;  physical  properties  included  thermal  conductivity  and 
thermal  expansion.  The  effects  of  residual  stress  and  thermal  cycling  were  also  studied.  Hard- 
ness and  density  data  were  obtained  at  room  temperature.  Property  data  were  measured  at  room 
(295  K),  boiling  liquid-nitrogen  (76  K),  and  boiling  liquid-helium  (4  K)  temperatures. 

For  our  program,  it  was  considered  essential  to  test  at  temperatures  that  spanned  the 
operational  range  of  struts  (4  to  295  K).  Shear  and  tensile  tests  were  selected  for  neat-resin 
mechanical  tests  since  clear  definition  of  strain-stress  characteristics  could  be  obtained  from 
these  measurements.  These  comparisons  enable  simultaneous  characterization  of  ultimate 
strength,  strain  to  failure,  and  modulus.  Furthermore,  for  modeling  and  data-comparison  pur- 
poses, test  data  with  only  one  type  of  applied  stress  are  preferred.  (In  flexure,  specimens  are 
exposed  to  combinations  of  tensile,  compression,  and  shear  forces.)  Knowledge  of  neat-resin 
mechanical  and  thermal  property  data  should  lead  to  better  modeling  and  correlations  with 
composite  stmt  performance. 
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3.  Production  Characteristics 


J.  B,  Schutz  and  N.  A.  Munshi 

Composite  Technology  Development,  Inc. 
Boulder,  Colorado 


3.1  Introduction 

Eighteen  neat-resin  systems  were  produced  and  evaluated  for  their  potential  to  be  optimized 
for  support  strut  fabrication  for  the  SMES  program.  In  the  Introduction  to  Properties  of  Neat-Resin 
Systems  (§111.2),  the  resin  systems  are  identified  in  Table  2.1,  and  their  abbreviations,  in  Table  2.2. 
The  choice  of  resins  was  based  on  their  suitability  for  filament  winding  or  pultrusion  production  of 
glass-fiber-reinforced  tubes. 

Rods  and  flat  plates  of  each  resin  were  produced,  except  for  two  resins  (see  §3. 3. 2. 9 and 
§3.3.2.12  below),  whose  characteristics  precluded  flat-plate  fabrication. 

3.2  Resin  Types 

Eighteen  resin  systems,  suitable  for  filament  winding  or  pultrusion,  were  selected  for  evalua- 
tion. They  included  nine  epoxy,  five  vinyl-ester,  one  polyester,  and  three  cyanate-ester  resin  systems. 
Rods  and  flat  plates  were  fabricated  from  all  but  two  systems,  as  described  in  §3.3.1.  The  chemical 
composition,  formulation,  handling  characteristics,  and  processing  information  are  described  in 
§3.3.2. 

3.3  Procedures 

3.3.1  Production  Techniques 

3.3. 1.1  Flat  Plates 

Flat  plates  (300  x 300  X 3.2  mm)  of  each  material  were  produced  by  casting  the  liquid  resin 
between  glass-plate  molds.  The  glass  plates  were  treated  with  at  least  three  coats  of  mold  release  prior 
to  use.  Rubber  or  silicone  tubing  was  used  to  form  a gasket  between  the  glass  plates,  on  the  bottom 
and  sides  of  the  mold.  One-eighth-inch  (3.2-mm)  thick  steel  stock  was  used  as  a spacer  to  ensure 
consistent  plate  thickness.  The  mold  assembly  was  held  together  by  large  binder  clips. 

Three  different  methods  were  used  to  cast  the  liquid  resins  into  the  glass  molds,  depending  on 
the  resin  characteristics: 

• For  low-to-medium  viscosity  materials  that  are  mixed  within  a container  and  can  be  processed  at 
relatively  low  temperatures  (typically  epoxy  materials):  Resin  was  transferred  into  the  mold  by 
pressurizing  the  container  with  bottled  nitrogen  gas.  Resin  was  transferred  through  tubing  into  the 
top  center  of  the  mold. 
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• For  low-viscosity  materials  that  can  be  processed  at  ambient  temperature  or  mixed  by  hand  (low- 
viscosity  epoxies  and  most  of  the  vinyl  esters):  A funnel  was  attached  to  the  glass  mold  for  the 
liquid  resin. 

• For  high-viscosity  resins  that  require  high  processing  temperatures  (prepreg-type  resins,  some  of 
the  cyanate  esters,  and  the  phenolic  triazine):  Glass  molds  were  filled  by  pouring  resin  into  an 
aluminum  trough  that  was  attached  to  the  molds.  To  maintain  the  temperature  of  the  resin  and 
molds,  the  assembly  was  replaced  in  the  oven  after  filling  the  trough.  Since  the  trough  did  not  hold 
enough  resin  to  completely  fill  the  mold,  the  trough  was  refilled  and  the  molds  placed  in  the  oven 
as  many  times  as  needed  to  fill  the  mold. 


3.3. 1.2  Rods 

From  each  resin  material,  high-quality,  300-mm-long  rods  were  produced  in  the  system 
shown  in  Figure  3.1.  The  resin  was  preheated  in  the  lower  chambers  and  then  drawn  into  3.2-mm- 
diameter  molds  in  the  upper  chambers.  After  an  oven  cure,  the  rods  were  removed  from  the  molds 
and  postcured. 

Both  neat  and  fiber-reinforced  specimens  can  be  produced  by  the  proprietary  system  illus- 
trated in  Figure  3.1.  Each  production  line  consists  of  two  chambers— a lower  chamber  (B)  for  resin 
impregation  and  an  upper  chamber  (D)  containing  a specimen  mold.  Each  chamber  can  be  isolated 
by  a system  of  clamps  and  valves  (A).  The  temperature  of  each  chamber  is  controlled  by  a micro- 
processor. The  heated  resin  is  simultaneously  mixed  and  degassed  in  a mixing  pot  (C).  The  prepared 
resin  is  vacuum-transferred  into  the  lower  chamber,  and  atmospheric  pressure  is  introduced  to  achieve 
impregnation.  The  specimens  (in  molds)  are  transferred  to  an  autoclave  where  they  are  cured  under 
the  proper  temperature  and  pressure. 


Figure  3.1.  The  rod-production  system  with  six  production  lines 
for  neat  and  fiber-reinforced  specimens. 

A - System  of  clamps  and  valves  to  isolate  each  chamber  C - Mixing  pot 
B - Lower  chamber  D - Upper  chamber 
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3.3.2  Resin  Characteristics 


3.3.2.1  DGEBA/DCH/ARA/ACL 

Chemical  composition:  a proprietary  system 

Formulation:  proprietary 

Production  and  handling: 

• Resin  ingredients  were  weighed  into  the  mixing  container,  which  was  maintained  at  305  K (32 °C) 
during  mixing  and  degassing  operations.  The  resin  was  mixed  for  15  min  before  it  was  degassed  to 
3.3  kPa  (25  mm  Hg)  in  about  30  min. 

• The  glass  flat-plate  mold  was  warmed  to  316  K (43  °C)  and  maintained  at  this  temperature  until  just 
before  resin  transfer.  From  the  pressurized  mix  container,  the  resin  was  transferred  through  tubing 
into  the  mold. 

• The  flat-plate  and  rod  temperatures  were  ramped  to  394  K (121  °C)  over  a period  of  2 h and  held 
at  this  cure  temperature  for  4 h. 

Comments: 

The  resin  system  is  a relatively  low-viscosity  liquid  at  the  processing  temperature  of  305  K 

(32 °C);  it  processed  well  at  that  temperature. 


3.3.2.2  DGEBA/ALA/ACL 

Chemical  composition:  diglycidyl ether  of  bisphenol-A  epoxy  resin  with  an  aliphatic  amine  curing 

agent  and  an  accelerator 

Formulation:  100  parts  resin 

45  parts  curing  agent 

Production  and  handling: 

• This  system  was  handled  at  ambient  temperature  for  all  processes.  The  ingredients  were  weighed 
into  the  mixing  container  and  mixed  for  30  min  before  the  resin  blend  was  degassed  to  3.3  kPa 
(25  mm  Hg)  in  about  30  min. 

• Flat  plates  were  cast  both  by  transferring  resin  through  a tube  and  by  pouring  it  into  an  open  mold. 

• Flat  plates  and  rods  were  cured  at  ambient  temperature  for  24  to  72  h,  followed  by  16  h at  358  K 
(85°C).  The  minimum  cure  for  this  resin  is  24  h at  293  K (20°C). 

Comments: 

The  resin  system  is  a low-viscosity  liquid  that  handled  well  at  ambient  temperature. 


3.3.2.3  DGEBA-ST/ARA/ACL/F 

Chemical  composition:  diglycidylether  of  bisphenol-A  epoxy  resin,  styrene  modified,  with  an 

aromatic  amine  curing  agent,  an  accelerator,  and  a filler 
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Formulation: 


60.7 

parts 

resin 

0.42 

part 

surfactant 

17.0 

parts 

filler 

0.61 

part 

zinc  stearate  internal  release  agent 

0.85 

part 

internal  release  agent 

0.39 

part 

accelerator 

20.03 

parts 

curing  agent 

The  formulation  for  this  resin  system  was  provided  by  a company  that  uses  it  for  pultruded-parts 
fabrication. 


Production  and  handling: 

• All  processing  was  done  with  the  material  at  ambient  temperature.  The  components  were  weighed 
into  the  mix  container  in  the  order  given  and  mixed  for  approximately  20  min.  Since  the  styrene 
contained  in  this  resin  would  have  rapidly  boiled  away  under  vacuum  and  changed  the  resin 
formulation,  the  resin  was  not  degassed.  However,  a partial  vacuum  was  applied  to  the  resin 
momentarily  to  help  break  filler  agglomerates  and  to  aid  in  mixing. 

• Flat-plate  and  rod  molds  were  warmed  to  353  K (80°C)  before  casting.  Two  methods  were  used  to 
cast  plates  of  this  material:  (1)  The  resin  was  vacuum-transferred  into  a hot  metal  mold.  The  mold 
was  then  closed  off  and  placed  back  in  the  oven,  and  69-kPa-gauge  (10-psig)  nitrogen  pressure  was 
applied.  (2)  Another  flat  plate  was  cast  by  pouring  the  resin  through  a funnel  into  a prewarmed  flat 
glass  mold.  Rods  were  cast  normally. 

• Flat  plates  and  rods  were  cured  at  353  K (80°C)  for  1.5  h followed  by  1.5  h at  450  K (177°C)  and 
a free-standing  postcure  of  2 h at  450  K. 


Comments: 

The  resin  system  is  a low-viscosity  liquid,  even  with  the  addition  of  inorganic  filler,  and  it 
handled  easily  at  ambient  temperature.  The  plate  that  was  cast  in  the  metal  mold  had  a darker  color 
when  cured,  which  may  have  been  due  to  exotherm  of  the  material. 


3. 3 .2. 4 DGEBF/CTBN/AN 

Chemical  composition:  a proprietary  system 

Formulation:  proprietary 

Production  and  handling: 

• All  mixing  and  processing  was  done  at  ambient  temperature.  The  base  resin  and  an  additive  were 
weighed  into  the  mixing  container  and  then  mixed  and  degassed  for  about  15  min.  The  curing 
agent  was  then  weighed  into  a new  mixing  can,  and  the  correct  proportion  of  the  resin  blend  was 
added.  The  curing  agent  and  resin  blend  were  mixed  for  15  min  and  then  degassed  for  15  min. 

• The  flat-plate  and  rod  molds  were  warmed  to  305  K (32 °C)  before  the  resin  was  transferred  into 
them.  Resin  was  transferred  through  tubing  from  the  pressurized  mix  container  into  the  mold. 

• The  flat-plate  and  rod  temperatures  were  ramped  to  394  K (121  °C)  over  a period  of  5 h and  held 
at  this  cure  temperature  for  10  h. 

Comments: 

The  resin  system  is  a relatively  low-viscosity  liquid  that  handled  well  at  ambient  temperature 

with  no  particular  problems. 
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3.3.2.5  NV/AN/ACL 


Chemical  composition:  novolac  epoxy-resin  blend  with  an  anhydride  curing  agent  and  an  accelerator 

Formulation:  100  parts  resin 

100  parts  hardener 
0.25  part  accelerator 

Production  and  handling: 

• The  ingredients  were  weighed  into  the  mixing  container,  which  was  maintained  at  293  K (70°C) 
during  mixing  and  degassing  operations.  The  resin  was  mixed  for  10  min  and  then  degassed  to 
3.3  kPa  (25  mm  Hg)  in  about  25  min  at  293  K.  The  resin  container  temperature  was  raised  to 
353  K (80°C)  prior  to  transfer  of  resin  into  the  glass  flat-plate  mold. 

• The  glass  mold  was  warmed  to  the  resin  cure  temperature,  393  K (120°C),  and  maintained  at  this 
temperature  until  just  before  the  resin  was  transferred  from  the  pressurized  mix  container  into  the 
glass-plate  mold. 

• Flat  plates  and  rods  were  cured  at  393  K for  24  h.  This  system  does  not  require  a postcure. 

Comments: 

The  resin  system,  a low-viscosity  liquid,  handled  well  at  343  to  353  K (70°C  to  80°C)  with  no 

particular  problems. 


3.3.2.6  Cyclo.A/CTBN/AN/ACL 

Chemical  composition:  cycloaliphatic  epoxy  resin  with  a carbonyl  terminated  butadiene 

acrylonitrile  copolymer  (rubber)  toughener,  an  anhydride  curing  agent, 
and  an  accelerator 

Formulation:  100  parts  epoxy  resin 
100  parts  curing  agent 
10  parts  toughener 
1 part  1-methyl  imidazole  catalyst 

Production  and  handling: 

• All  processing  was  done  at  ambient  temperature  because  the  material  has  a low  viscosity.  The  base 
resin,  curing  agent,  reactive  rubber  modifier,  and  catalyst  were  weighed  into  the  mixing  container. 
Degassing  was  begun  immediately  after  mixing  was  started.  The  resin  was  very  foamy  during 
degassing;  it  required  as  long  as  90  min  to  degas. 

• Plate  and  rod  molds  were  warmed  to  368  K (95 °C)  before  transfer  of  the  resin. 

• The  first  flat  plate  produced  bonded  to  one  of  the  glass  plates,  probably  owing  to  inadequate  mold 
release.  This  resulted  in  a broken  resin  sheet  and  glass  plate.  A replacement  resin  plate  was  made 
with  the  same  processing  conditions  and  cure  times. 

• Flat  plates  and  rods  were  cured  6 h at  368  K (95°C)  with  an  oven  cool-down. 

Comments: 

The  resin  system,  a low-viscosity  liquid,  processed  easily  at  ambient  temperature,  except  for  the 

long  degassing  time  required. 
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3.3.2.7  Cyclo.A/AN/ACL 


Chemical  composition:  cycloaliphatic  epoxy  resin  with  an  anhydride  curing  agent  and  an  accelerator 

Formulation:  100  parts  epoxy  resin 
100  parts  curing  agent 
1 part  1 -methyl  imidazole  catalyst 

Production  and  handling: 

• All  processing  was  done  at  ambient  temperature  because  the  material  has  a low  viscosity.  The  base 
resin,  curing  agent,  and  catalyst  were  weighed  into  the  mixing  container.  Degassing  was  begun 
immediately  after  mixing  was  started. 

• Plate  and  rod  molds  were  warmed  to  368  K (95 °C)  before  transfer  of  the  resin. 

• Flat  plates  and  rods  were  cured  6 h at  368  K with  an  oven  cool-down. 

Comments: 

Processing  and  curing  of  this  resin  system  was  identical  to  that  of  the  CTBN-toughened  resin 
described  in  §3. 3. 2. 6,  except  that  the  toughener  was  omitted. 

The  resin  system,  a low-viscosity  liquid,  processed  easily  at  ambient  temperature,  except  for  the 
long  degassing  time  required. 


3.3.2.8  MLTF/ARA 

Chemical  composition:  Proprietary,  multifunctional  epoxy  resin  with  an  aromatic-amine  curing  agent 
Formulation:  One-part  resin  system 
Production  and  handling: 

• Chunks  of  frozen  resin  were  placed  in  the  mix  can,  which  was  then  put  into  the  mix  chamber,  and 
full  vacuum  was  applied.  The  chamber  temperature  was  maintained  at  353  K (80°C).  During 
heating,  vacuum  was  occasionally  broken  to  help  release  entrapped  bubbles.  To  heat  and  degas  the 
resin,  3 to  4 h were  required. 

• Rod  and  plate  molds  were  warmed  to  363  K (90°C)  prior  to  casting  of  the  resin.  Owing  to  the 
extremely  high  viscosity  of  this  resin,  the  glass-plate  molds  were  fitted  with  an  aluminum  trough 
along  the  top  opening.  Liquid  resin  was  poured  into  this  trough,  and  then  the  entire  mold  assembly 
was  placed  in  the  oven,  which  was  kept  at  363  to  373  K (90°  to  100°C).  This  procedure  enabled 
the  mold  and  resin  temperature  to  be  maintained  while  the  liquid  flowed  into  the  mold.  At  this  tem- 
perature, the  resin  flow  was  quite  slow.  The  process  of  filling  the  trough  and  waiting  for  the  flow 
was  repeated  as  many  times  as  necessary  to  fill  the  mold. 

Comments: 

The  material  must  be  shipped  and  stored  at  or  below  255  K (-18°C)  and  should  be  kept  in  a 
sealed  container  to  minimize  moisture  absorption. 

Because  it  has  a very  high  viscosity  at  the  processing  temperature,  the  resin  system  was  difficult 
to  process. 
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3.3.2.9  MLTF/ARA/TGH 


Chemical  composition:  a proprietary,  multifunctional  epoxy  resin  with  an  aromatic  amine  curing 

agent  and  a toughener 

Formulation:  premixed  blend 

Production  and  handling: 

• The  frozen  resin  was  fractured  inside  the  sealed  container.  Chunks  of  the  resin  were  placed  into  the 
mix  container  and  evacuated  immediately  to  avoid  moisture  absorption.  Unused  resin  was  resealed 
and  returned  to  cold  storage  immediately.  Several  attempts  were  made  to  fabricate  flat  plates  from 
this  material.  In  the  first  attempt,  the  resin  container  was  maintained  under  vacuum  at  377  K 
(104°C)  while  the  material  was  melted.  After  about  30  min  in  the  resin  container,  mixing  was 
begun.  Initially,  only  the  top  layer  of  the  resin  could  be  mixed  owing  to  its  slow  melting  rate  and 
extremely  high  viscosity.  A thermocouple  was  inserted  into  the  hollow  paddle  wheel  to  monitor 
the  resin  temperature.  It  took  more  than  2 h for  the  resin  to  reach  the  processing  temperature  of 
377  K.  Although  the  mix-container  temperature  was  controlled  to  377  K,  the  resin  temperature 
continued  to  rise  beyond  this  set  point,  indicating  a possible  exothermic  reaction. 

• Molds  were  prewarmed  to  377  K prior  to  transfer  of  the  resin  through  tubing  from  the  pressurized 
mix  container.  When  the  temperature  of  this  resin  drops,  its  viscosity  increases  significantly. 
During  casting  of  the  flat  plate,  the  resin  in  the  tubing  cooled  sufficiently  to  stop  the  flow.  With 
other  resins  processed  in  tliis  manner,  flow  could  be  resumed  by  warming  the  tubing  with  a heat 
gun.  In  this  case,  the  temperature  required  to  reinitiate  flow  was  so  high  that  the  tubing  began  to 
soften  and  bulge,  and  flow  could  not  be  maintained.  A flat  plate  could  not  be  made  with  this 
material  using  the  pressurized-mix-container  transfer  method.  Approximately  1 h after  reaching  the 
desired  processing  temperature  of  377  K,  the  material  had  gelled  to  a solid  and  begun  to  smoke, 
indicating  an  exothermic  chemical  reaction. 

• There  was  another  attempt  to  make  a resin  plate,  after  consultation  with  the  manufacturer’s  labora- 
tory personnel.  They  recommended  processing  the  resin  at  357  K (84°C)  without  stirring.  Resin 
was  poured  into  a trough  attached  to  the  prewarmed  mold,  and  the  mold  assembly  was  placed  back 
in  the  oven  to  keep  warm  while  the  resin  flowed.  The  resin  viscosity  was  so  high  that  only  one- 
quarter  of  a plate  could  be  cast  before  resin  flow  stopped. 

• Rods  were  cast  as  before,  but  the  viscosity  of  this  material  was  the  highest  of  any  in  this  program. 

• The  rod  temperature  was  ramped  from  377  K (104°C)  to  the  cure  temperature  of  450  K (177°C) 
at  a rate  of  2 to  3 K per  min  and  held  at  that  temperature  for  2 h.  The  rods  were  allowed  to  oven- 
cool  slowly  to  ambient  temperature  after  cure. 

Comments: 

This  resin  system  is  primarily  a prepreg  system.  It  must  be  shipped  and  stored  at  or  below  255  K 

(-18°C),  and  it  must  be  kept  in  a sealed  container  to  minimize  moisture  absorption.  It  must  be  pro- 
cessed at  377  K (104°C)  owing  to  its  extremely  high  viscosity.  The  viscosity  of  the  resin  system,  the 

highest  of  the  materials  evaluated,  precluded  flat-plate  fabrication. 

3.3.2.10  CE/VT/Co.AA 

Chemical  composition:  cyanate-ester  resin  with  vinyl  toluene  and  a cobalt  (III)  acetyl  acetonate 

catalyst 

Formulation:  950  parts  resin 

50  parts  vinyl  toluene 
1.875  parts  catalyst 
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Production  and  handling: 

• This  resin,  which  is  semisolid  at  ambient  temperature,  was  warmed  to  366  K (93 °C)  prior  to 
mixing.  The  catalyst  Co.AA  is  a powder  that  must  be  dissolved  in  a solvent  (VT)  before  it  can  be 
mixed  properly  with  the  resin.  A solution  was  made  by  weighing  1.875  g of  catalyst  into  50  g of 
VT.  The  solution  was  added  to  the  prewarmed  resin  in  the  proportion  of  50  parts  by  weight  VT/ 
Co.AA  solution  to  950  parts  by  weight  resin.  This  catalyst  system  is  thermally  latent,  meaning  that 
cure  will  not  initiate  until  some  activation  temperature  is  reached,  in  this  case,  at  about  373  K 
(100°C).  Thus,  the  material  has  a long  pot  life  once  mixed,  as  long  as  the  activation  temperature  is 
not  reached. 

• The  prewarmed  resin  and  catalyst  were  placed  in  the  resin-mixing  container,  which  was  maintained 
at  355  K (82 °C)  during  mixing,  degassing,  and  resin-transfer  operations.  The  blend  was  mixed  for 
15  min,  before  application  of  3.3-kPa  (25-nun-Hg)  vacuum  to  degas. 

• The  plate  and  rod  molds  were  warmed  to  366  K (93 °C)  before  the  resin  was  transferred. 

• The  plates  and  rods  were  cured  for  2 h at  394  K (121  °C),  followed  by  2 h at  449  K (176°C).  The 
parts  were  removed  from  their  respective  molds  prior  to  postcuring  at  519  K (246°C)  for  2 h. 

Comments: 

This  resin  system  processed  relatively  well  when  maintained  at  a high  temperature;  however,  its 
viscosity  increased  significantly  when  its  temperature  dropped.  During  casting  of  the  flat  plates,  the 
resin  cooled  in  the  tubing,  completely  blocking  the  flow.  It  was  necessary  to  warm  the  resin  with  a 
heat  gun  to  reinitiate  flow.  Once  a good  flow  rate  was  achieved,  the  resin  retained  enough  heat  to 
maintain  a viscosity  suitable  for  processing. 

The  material  appears  to  expand  upon  cure.  Release  of  the  rods  from  the  molds  was  difficult,  and 
the  plates  apparently  expanded  within  the  flat  mold.  The  finished  rod  diameters  were  approximately 
0.05  to  0.08  mm  (0.002  to  0.003  in)  larger  than  those  of  the  other  materials. 

Two  versions  of  the  cyanate-ester  resin  are  available  commercially:  one  was  tested  in  this 
program;  the  other  contains  10%  elastomeric  rubber  modifier.  The  use  of  the  latter,  or  a blend  of  the 
two  versions  of  resin,  may  be  desirable  to  improve  the  toughness  of  the  material,  but  at  the  cost  of  a 
reduced  modulus.  Since  the  primary  application  for  this  material  is  compression,  it  was  decided  to  test 
the  stiffer  formulation. 


3.3.2.11  CE 

Chemical  composition:  a cyanate-ester  resin 

Formulation:  one-part  resin  system 

Production  and  handling: 

• Chunks  of  the  frozen  resin  were  placed  in  the  mix  container  and  evacuated  immediately  to  mini- 
mize moisture  absorption.  The  resin  container  was  maintained  at  373  K (100°C).  After  approxi- 
mately 1 h,  more  frozen  resin  was  added  to  the  container.  The  resin  was  stirred  occasionally  with  a 
paint  stick  during  the  melting  and  degassing  process.  Two  hours  after  the  start,  the  resin  was  fully 
liquefied  and  degassed. 

• Rod  and  plate  molds  were  warmed  to  373  K before  casting.  Flat  plates  were  made  by  pouring  the 
liquid  resin  into  an  open,  vertical  glass  mold  equipped  with  a funnel.  The  resin  was  warmed  locally 
with  a heat  gun  to  ensure  good  flow  and  to  release  any  bubbles  that  formed.  This  liquid-pouring 
process  avoided  the  problem  of  the  resin  cooling  in  the  tubing  and  stopping  the  flow  into  the  mold. 
Rods  were  cast  as  usual . 

• Both  flat  plates  and  rods  were  cured  for  1 h at  394  K (121  °C),  followed  by  2 h at  450  K (177°C). 
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Comments: 

This  material  must  be  shipped  and  stored  at  or  below  255  K (-18°C),  and  it  must  be  kept  in  a 
sealed  container  to  avoid  moisture  absorption. 

The  resin  system  has  a relatively  high  viscosity  at  373  K,  but  it  processed  relatively  easily  as 
long  as  this  temperature  was  maintained. 


3.3.2.12  CE(PT) 

Chemical  composition:  cyanate  ester  (phenolic  triazine);  no  catalyst  was  used,  although  it  is 

optional 

Formulation:  one-part  resin  system 

Production  and  handling: 

• The  resin  was  allowed  to  warm  to  ambient  temperature,  at  which  point  its  viscosity  was  extremely 
high.  The  resin  was  removed  from  the  container  and  weighed  into  a mix  can.  Chilled  tools  were 
used  to  handle  the  resin  to  prevent  it  from  sticking  to  the  tools.  The  mix  can  was  placed  into  the 
mix  chamber,  and  full  vacuum  was  applied.  The  chamber  temperature  was  slowly  raised  from  am- 
bient to  the  processing  temperature  of  343  K (70°C).  During  heating,  the  vacuum  was  occasionally 
broken  to  help  release  entrapped  bubbles.  To  heat  and  degas  the  resin  required  2 to  3 h. 

• Rod  and  plate  molds  were  warmed  to  353  K (80°C)  prior  to  casting  of  the  resin.  Owing  to  the 
extremely  high  viscosity  of  this  resin,  the  alternate  flat-plate  process  was  used.  The  glass-plate 
molds  were  assembled  and  fitted  with  an  aluminum  trough  along  the  top  opening.  Liquid  resin  was 
poured  into  this  trough,  and  then  the  entire  mold  assembly  was  placed  in  the  oven,  which  was  kept 
at  353  K.  This  procedure  enabled  the  mold  and  resin  temperature  to  be  maintained  while  the  liquid 
flowed  down  into  the  mold.  Even  at  343  K,  the  resin  viscosity  was  very  high,  and  resin  flow  was 
quite  slow.  The  process  of  filling  the  trough  and  waiting  for  the  flow  was  repeated  as  many  times 
as  necessary  to  fill  the  molds.  The  oven  temperature  was  then  slowly  raised  to  the  cure  temperature 
of  383  K (110°C)  and  held  for  12  h.  This  cure  schedule,  which  was  suggested  by  consultants, 
differs  from  the  one  recommended  in  the  manufacturer’s  literature  (see  last  paragraph  under 
Comments  on  the  following  page). 

• There  were  two  attempts  to  make  flat  plates  from  this  material.  In  the  first  attempt,  everything 
went  smoothly  until  the  mold  was  disassembled.  When  the  mold  plates  were  pried  apart,  the  resin 
fractured  through  its  thickness,  leaving  a rough  half  plate  stuck  to  each  mold  plate.  The  mold  plates 
had  been  thoroughly  treated  with  mold  release  prior  to  use,  but  apparently  the  resin  adhesion  to  the 
plates  was  greater  than  the  resin  cohesive  strength.  In  the  second  attempt,  the  resin  also  fractured 
in  the  mold,  in  the  plane  perpendicular  to  the  plate.  The  fracture  is  probably  attributable  to  cure 
shrinkage  or  thermal  shrinkage  upon  cooling  from  the  cure  to  ambient  temperature. 

• Rod  casting  was  similar  to  that  for  the  other  materials.  Evidence  of  exotherm  on  the  first  rods  pro- 
duced dictated,  for  subsequent  rods,  the  use  of  a very  slow  ramp  time  of  6 h to  raise  the  tempera- 
ture from  333  K (60°C)  to  the  cure  temperature  of  383  K (1 10°C).  Rods  were  cured  at  383  K for 
12  h. 

Comments: 

The  material  specifications  indicate  that  it  must  be  shipped  and  stored  at  or  below  277  K (4°C). 

When  received,  the  material  had  apparently  been  stored  at  ambient  temperature  for  approximately  two 

days.  The  resin  supplier  said  that  the  time  at  ambient  temperature  probably  would  not  affect  the 

material  performance,  and  the  resin  could  be  used. 
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The  cured  resin  system  exhibits  some  rather  curious  properties.  During  trial  casting  of  rods, 
when  cured  material  was  removed  from  the  mold  while  it  was  still  warm,  it  could  easily  be  bent  and 
deformed  by  hand.  Upon  cooling,  it  regained  its  stiffness.  These  characteristics  may  be  indicative  of  a 
relatively  low  glass-transition  temperature.  Cured  rods  were  extremely  brittle;  they  could  be  easily 
broken  by  hand,  and  multiple  fractures  often  occurred.  That  the  cure  schedule  used  for  the  CE(PT) 
yielded  a 40%  cure  of  the  resin  was  discovered  only  after  the  tests  were  completed.  Therefore,  all  test 
results  for  the  CE(PT)  were  affected  by  this  undercure. 


3.3.2.13  CE/HTBN/NPh/Cu.AA 

Chemical  composition:  cyanate-ester  resin  with  a hydroxyl  terminated  butadiene  acrylonitrile 

copolymer  (rubber)  toughener,  nonyl  phenol,  and  a cupric  acetyl  acetonate 
catalyst 

Formulation:  100  parts  resin 

6 parts  toughener 

6 parts  nonyl  phenol 

0. 1 part  cupric  acetyl  acetonate 

Production  and  handling: 

• The  resin  and  toughener  were  warmed  to  about  363  K (90°C)  before  processing,  because  their 
viscosity  is  extremely  high  at  ambient  temperature.  These  two  components  were  measured  into  the 
mix  container  and  degassed  at  353  K (80°C);  no  curing  agents  were  present  in  the  blend. 

• The  resin  was  catalyzed  with  Cu.AA,  a powder  which  must  be  dissolved  in  a solvent  before  it  can 
be  mixed  properly  with  the  resin.  A solution  was  made  by  weighing  0. 1 parts  of  catalyst  into  6 
parts  of  nonyl  phenol.  This  mixture  was  warmed  to  about  353  K (80°C)  and  stirred  to  assist  in  the 
dissolution  of  the  catalyst. 

• The  viscosity  of  the  resin  blend  at  353  K was  too  high  for  processing  purposes,  so  the  mix  con- 
tainer temperature  was  raised  to  358  K.  The  catalyst  package  was  added  to  the  resin  blend  and 
mixed.  The  entire  blend  was  degassed  for  10  min. 

• The  glass-plate  and  rod  molds  were  warmed  to  nearly  the  cure  temperature  of  394  K (121  °C) 
before  resin  transfer.  Resin  was  transferred  from  the  pressurized  mix  container  through  tubing  into 
the  mold. 

• The  flat  plates  and  rods  were  cured  at  394  K for  4 h.  After  removal  from  the  molds,  the  flat  plates 
and  rods  were  postcured  at  394  K for  4.5  h. 

Comments: 

The  resin  system  processed  relatively  easily  when  maintained  at  an  adequate  temperature;  how- 
ever, its  viscosity  increased  significantly  when  its  temperature  dropped.  During  casting  of  the  flat 
plates,  the  resin  cooled  in  the  tubing  sufficiently  to  slow  the  flow.  It  was  necessary  to  warm  the  resin 
with  a heat  gun  to  get  it  flowing  again.  Once  a good  flow  rate  was  achieved,  the  resin  retained 
enough  heat  to  keep  its  viscosity  low  enough  for  processing. 

The  catalyst  system  is  thermally  latent,  meaning  that  it  will  not  initiate  cure  until  some  activation 
temperature  is  reached.  The  material  should  have  a long  pot  life  once  mixed,  as  long  as  it  is  main- 
tained below  the  activation  temperature. 
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3.3.2.14  VE/CHX 


Chemical  composition:  vinyl-ester  resin  with  cyclohexanone  peroxide  catalyst 

Formulation:  100  parts  resin 

1 .00  part  cyclohexane  peroxide  catalyst 

This  resin  is  manufactured  in  Japan.  A limited  quantity,  approximately  1 f , was  obtained  for  the 
purposes  of  this  program. 

Two  catalysts,  also  made  in  Japan,  were  recommended  by  the  manufacturer;  their  chemical 
names  are  bis-tertiary-butyl-cyclohexyl-peroxydicarbonate  and  cyclohexanone  peroxide.  Sample 
quantities  of  chemical  equivalents  of  these  curing  agents  were  obtained  domestically.  These  materials 
are  hazardous  and  extremely  flammable  peroxides  which  must  be  shipped  under  refrigeration.  One  of 
these  materials  could  be  shipped  only  via  a refrigerated  freight  truck. 

The  desired  mix  ratios  of  these  curing  agents  were  not  contained  in  the  report  of  the  previous 
study,  and  only  sketchy  cure  data  were  included.  The  United  States  representative  of  the  Japanese 
manufacturer  recommended  methyl  cyclohexanone  peroxide  at  a level  of  one  part  per  hundred  by 
weight.  A cure  schedule  of  428  K (155°C)  for  1 h was  obtained  from  the  report  of  the  previous 
study. 

Production  and  handling: 

• This  resin  was  handled  at  ambient  temperature  for  all  processes.  The  base  resin  and  catalyst  were 
measured  into  the  mix  can  and  stirred  by  hand  for  2 min.  The  resin  was  not  vacuum-degassed 
during  mixing  owing  to  the  volatility  of  the  components  of  the  base  resin. 

• Flat  plates  were  produced  by  pouring  the  liquid  resin  into  an  open  glass  mold.  The  plates  were 
cured  by  ramping  the  temperature  from  ambient  to  the  cure  temperature  in  1 h and  holding  for  1 h 
at  428  K (155 °C).  Rods  were  produced  by  casting  the  material  into  rod  molds,  and  the  same  cure 
schedule  was  followed. 

• The  material  exhibited  a high  degree  of  shrinkage  upon  cure.  The  flat  plates  exhibited  a shrinkage 
of  approximately  6 mm  over  the  350-mm  plate  length.  A portion  of  the  resin  plate  broke  during  the 
cure  cycle,  probably  as  a result  of  cure  shrinkage  and  thermally  induced  stresses. 

• The  rods  and  plates  exhibited  surface  waviness  and  roughness  generally  associated  with  an  exo- 
therm during  the  resin  cure.  This  was  the  only  material  in  the  program  that  exhibited  an  exotherm 
during  the  manufacturing  of  flat  plates. 

• The  quality  of  the  rods  initially  produced  was  too  poor  for  testing.  Subsequently,  rods  of  rea- 
sonable quality  were  produced  by  increasing  the  ramping  time  from  ambient  to  the  cure  tempera- 
ture to  3 h.  These  rods  still  exhibited  some  surface  waviness,  but  the  best  parts  of  the  rods  were 
selected  for  testing. 

• Only  one  plate  could  be  produced  because  only  a small  quantity  of  liquid  resin  was  available. 
Comments: 

The  material  exhibited  a high  degree  of  shrinkage  upon  cure.  The  rods  and  plates  exhibited 
surface  waviness  and  roughness  generally  associated  with  an  exotherm  during  the  resin  cure.  This 
was  the  only  material  in  the  program  that  exhibited  an  exotherm  during  the  manufacturing  of  plates. 

The  resin  system  has  a low  viscosity  at  ambient  temperature,  and  it  can  be  easily  processed.  The 
resin  has  a strong  styrene  odor. 
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3.3.2.15  VE-EL/MEKP 


Chemical  composition:  vinyl-ester  resin,  elastomer  modified,  with  a methyl  ethyl  ketone  peroxide 

catalyst 

Formulation:  100  parts  resin 

1 part  methyl  ethyl  ketone  peroxide  catalyst 
The  resin  received  was  prepromoted  with  cobalt  naphthenate  and  dimethyl  aniline. 

Production  and  handling: 

• All  mixing  and  handling  was  done  with  the  resin  at  ambient  temperature.  Since  this  material  has  a 
very  short  pot  life,  several  mixes  were  made.  In  the  first  batch,  the  resin  and  catalyst  were  weighed 
into  the  mix  container  and  mixed  for  5 min.  Transfer  of  the  resin  into  the  glass-plate  mold  was 
begun  immediately  after  mixing.  After  mixing  was  started,  the  resin  gelled  into  a solid  mass  in 

10  min,  which  corresponds  to  a working  pot  life  of  about  5 min  after  completion  of  mixing.  In 
this  time,  only  one-half  of  a flat  plate  could  be  cast  before  the  resin  gelled,  and  no  rods  could  be 
made.  The  minimum  cure  for  this  material  is  72  h at  ambient  temperature,  followed  by  a postcure 
of  16  to  20  h at  344  K (71  °C)  or  2 to  4 h at  366  K (93°C).  The  resin  plate  was  allowed  to  cure  for 
5 days  at  ambient  temperature,  followed  by  a free-standing  postcure  of  3 h at  366  K. 

• Upon  consultation,  the  manufacturer  suggested  that  mixing  be  done  by  hand  and  only  for  a period 
of  about  1 min.  In  the  second  batch,  components  were  weighed  into  the  mix  container  and  mixed 
by  hand  with  a paint  stick  for  1 min.  Rods  were  then  produced.  The  resin  gelled  9 min  after  com- 
pletion of  mixing,  which  corresponds  to  a 10  min  pot  life  after  mixing  has  begun,  regardless  of 
whether  the  resin  is  mixed  mechanically  or  by  hand. 

• Flat  plates  were  made  by  pouring  the  material  into  an  open  mold.  The  resin  was  mixed  by  hand 
for  1 min;  then  it  was  poured  into  a vertical  open  mold.  Bubbles  tended  to  form  during  mixing, 
although  extra  care  was  taken  to  ensure  that  no  bubbles  were  entrapped.  Presumably  these  bubbles 
were  due  to  a reaction  product.  Void-free  castings  could  not  be  made  by  pouring  into  an  open  mold 
because  the  material  gelled  before  the  bubbles  could  rise  to  the  surface.  A better  casting  was  made 
by  mixing  for  1 min  by  hand  and  then  using  the  resin  container  to  transfer  material  into  the  vertical 
mold.  By  drawing  resin  from  the  bottom  of  the  mix  container,  most  of  the  bubbles  on  top  of  the 
liquid  could  be  avoided. 

• Rods  were  cast  normally,  but  as  a result  of  the  energetic  chemical  reaction,  a slight  exotherm 
occurred,  resulting  in  a slightly  rough  surface  on  the  rods.  To  reduce  the  reaction  rate,  and  hence 
the  exotherm,  a set  of  rods  were  cast  into  cold  molds,  which  were  immediately  placed  in  a freezer 
at  273  K (0°C).  This  extended  the  gel  time  from  10  min  to  several  hours  and  reduced  the  exotherm 
such  that  a good  surface  finish  on  the  rods  was  obtained.  The  rods  were  subjected  to  the  normal 
ambient  cure  and  elevated  postcure  schedule  after  gelling. 

Comments: 

The  resin  system  is  a very  low  viscosity  material  that  could  be  easily  processed  at  ambient  tem- 
perature as  long  as  all  processes  were  completed  within  the  gel  time. 


3.3.2.16  VE/CHP/F 

Chemical  composition:  vinyl-ester  resin  with  a cumene  hydroperoxide  catalyst  and  a filler 

Formulation:  100  parts  filled  vinyl  ester 
0.85  part  catalyst 
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Production  and  handling: 

• This  resin  was  handled  at  ambient  temperature  for  all  processes.  Prior  to  use,  the  filled  base-resin 
component  had  to  be  stirred  carefully  to  prevent  the  filler  from  setting.  Resin  components  were 
weighed  into  a mixing  can  and  stirred  by  hand  until  the  filler  was  thoroughly  dispersed.  The  mix- 
ture was  allowed  to  sit  for  several  minutes  between  mixings  to  enable  the  filler  to  disperse  and  any 
entrapped  bubbles  to  release.  T)^ical  of  vinyl  esters,  the  resin  was  not  vacuum-degassed  during 
mixing  owing  to  the  volatility  of  the  components  of  the  base  resin. 

• Flat  plates  were  produced  by  pouring  the  liquid  resin  through  a funnel  into  the  open  glass  mold. 

The  plates  were  cured  for  1 h at  394  K (121  °C). 

• Rods  were  produced  by  casting  the  material  into  rod  molds  at  ambient  temperature  and  placing  the 
molds  in  an  oven  maintained  at  394  K for  1 h. 

Comments: 

The  resin  system,  with  a low  viscosity  at  ambient  temperature,  handles  easily  at  that  temperature, 
and  it  can  be  easily  processed.  It  exhibits  no  foaming  due  to  reaction  of  the  catalyst,  and  it  has  a very 
long  pot  life,  in  excess  of  several  days,  although  the  filler  has  a tendency  to  settle  out.  The  resin  has  a 
strong  styrene  odor. 


3.3.2.17  VE/CHP/CoNap/2,4-P 

Chemical  composition:  vinyl-ester  resin  with  a cumene  hydroperoxide  catalyst,  a cobalt  napthenate 

promotor  and  2,4-pentanedione  catalyst 

Formulation:  1(X)  parts  resin 

1 part  catalyst 

Production  and  handling: 

• This  resin  was  handled  at  ambient  temperature  for  all  processes.  Resin  components  were  weighed 
into  a mixing  can  and  stirred  by  hand  for  2 min.  Typical  of  vinyl  esters,  the  resin  was  not  vacuum- 
degassed  during  mixing  owing  to  the  volatility  of  the  components  of  the  base  resin. 

• Flat  plates  were  produced  by  pouring  the  liquid  resin  into  an  open  glass  mold  and  allowing  the 
material  to  gel  at  ambient  temperature  for  at  least  12  h.  A postcure  of  3 h at  366  K (93 °C) 
followed. 

• Rods  were  produced  by  casting  the  liquid  resin  into  the  rod  molds  and  allowing  the  material  to  gel 
at  ambient  temperature.  A 3-h  postcure  at  366  K followed. 

Comments: 

This  low-viscosity  resin  system  handles  easily  at  ambient  temperature;  it  can  be  easily  processed. 

It  exhibits  no  foaming  due  to  reaction  of  the  catalyst,  and  it  has  a relatively  long  pot  life,  in  excess  of 

4 h,  which  can  be  easily  tailored  for  specific  applications.  The  resin  has  a strong  styrene  odor. 


3.3.2.18  PE/MEKP 

Chemical  composition:  polyester  resin  with  a methyl  ethyl  ketone  peroxide  catalyst 


Formulation:  100 

parts 

polyester 

0.02 

part 

cobalt  naphthenate 

0.01 

part 

dimethyl  aniline  (DMA) 

1 

part 

MEKP 
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Production  and  handling: 

• This  resin  was  handled  at  ambient  temperature  for  all  processes.  The  base  resin,  the  promoter 
(CoNap),  and  accelerator  (DMA)  were  weighed  into  a mixing  can  and  stirred  by  hand  until 
thoroughly  blended.  The  mixture  was  allowed  to  sit  for  30  min  to  release  any  entrained  air.  The 
catalyst  (MEKP)  was  then  measured  into  the  mix  can,  and  the  mixture  was  stirred  by  hand  for 

2 min.  A specific  formulation  was  not  given  by  the  supplier,  and  several  trial  mixes  were  necessary 
to  produce  a material  that  had  a low  enough  exotherm  so  that  high-quality  rods  could  be  fabricated. 
The  polyester  resin  is  similar  to  the  vinyl  esters  in  that  the  resin  was  not  vacuum-degassed  during 
mixing  owing  to  the  volatility  of  the  components  of  the  base  resin. 

• Flat  plates  were  produced  by  pouring  the  liquid  resin  into  an  open  glass  mold  and  allowing  the 
material  to  gel  at  ambient  temperature  for  at  least  3 days.  A postcure  of  1 h at  394  K (121  °C) 
followed.  Rods  were  produced  by  casting  the  material  into  rod  molds  and  following  the  same  gel 
and  cure  schedule. 

Comments: 

The  material  has  a low  viscosity  at  ambient  temperature,  and  it  can  be  processed  easily.  The 

resin  has  a strong  styrene  odor. 


3.4  Discussion 

Optimizing  a resin  system  for  cryogenic  structural  applications  is  a challenge  because  very  few 
relevant  data  exist  to  guide  the  choice  of  matrix  material  for  the  specified  mechanical  and  physical 
environment.  Generating  a comprehensive  database  on  these  materials  is  very  costly  and  time- 
consuming.  Thus,  certain  assumptions  have  been  made  in  order  to  select  a material  from  the  very 
limited  database;  they  lead  to  the  following  observations: 

• Tougheners.  When  a resin  is  toughened  with  an  elastomer,  its  high-temperature  impact  strength 
may  improve,  but  its  low-temperature  performance  may  deteriorate;  e.g.,  Cyclo.A/AN/ACL  and 
Cyclo.A/CTBN/AN/ACL.  However,  when  the  "flexibilizer"  is  a material  that  fully  reacts  with 
the  system,  adding  small  amounts  may  improve  low-temperature  performance:  The  performance 
of  CE/HTBN/NPh/Cu.AA  is  better  than  the  other  cyanate-ester  resin  systems  and  that  of  VE- 
EL/MEKP  is  better  than  the  other  vinyl-ester  resin  systems. 

• Fillers.  Fillers  are  often  added  to  pultrusion  systems  to  regulate  viscosity  and  flow.  Owing  to  the 
very  high  shear  forces  generated  in  the  pultrusion  process,  selection  of  the  filler  is  crucial.  Hard 
fillers  tend  to  cut  through  the  fibers  and  thus  lower  the  performance  of  the  composite  at  cryogenic 
temperatures.  Addition  of  fillers  also  lowers  the  strain  to  failure  and  increases  the  modulus;  usually 
strength  is  not  affected,  except  at  very  high  filler  concentrations.  At  cryogenic  temperatures,  fillers 
can  also  act  as  stress  concentrators  owing  to  the  thermal-contraction  mismatch  between  the  filler 
and  resin  matrix.  Thus,  the  filled  vinyl-ester  resin  system  VE/CHP/F  has  a lower  strain  to  failure 
but  a higher  modulus  than  the  unfilled  vinyl  ester  VE/CHP/CoNap/2,4-P. 

• Matrix  material.  Selection  of  a matrix  material  cannot  be  based  solely  on  neat-resin  properties. 
Data  indicate  that  interfacial  strength  and  residual  stress  at  the  fiber-matrix  interface  play  key  roles 
in  the  cryogenic  performance  of  a composite  material.  Therefore,  a composite  material  can  possess 
a lower  shear  strength  than  the  matrix  material  if  its  fiber-matrix  interface  is  very  poor. 
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4.  Tensile  Properties 


R.P.  Reed* 

R.P.  Walsh,  E.S.  Drexler,  C.N.  McCowan, 
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Materials  Reliability  Division 
National  Institute  of  Standards  and  Technology 
Boulder,  Colorado 
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The  tensile  properties  of  eight  epoxy,  four  cyanate-ester,  four  vinyl-ester,  and 
one  polyester  resin  systems  have  been  measured  at  295,  76,  and  4 K.  Several  filled 
resin  systems  and  multifunctional  epoxy  systems  were  included.  The  resin  systems 
were  selected  on  the  basis  of  their  potential  for  use  in  filament  winding  or  pultrusion 
production  of  fiberglass-reinforced  struts.  Most  of  the  resin  systems  are  currently 
available  from  commercial  vendors. 

Tensile  failures  occurred  at  single,  embedded  or  surface  flaws  at  all  tempera- 
tures. The  tensile  strength  was  correlated  with  the  flaw  size,  and  two  distinct  trend 
lines  were  constructed  for  295-K  data  and  for  combined  76-  and  4-K  data.  By  ex- 
trapolating the  trend  lines  to  zero  flaw  size,  an  inherent  resin  strength  was  obtained; 
approximate  values  of  100  MPa  at  295  K and  of  170  MPa  at  77  to  4 K were  pre- 
dicted. This  analysis  included  specimens  from  all  but  the  two  filled  resin  systems. 
When  the  stress-intensity-factor  approach  was  used  to  estimate  fracture  toughness, 
values  as  high  as  about  2.4  MPa^/m  were  calculated  from  the  77-to-4-K  data  and  as 
high  as  1.75  MPa^/m,  from  the  295-K  data,  depending  on  the  tensile  strength. 

The  dependence  of  the  tensile  strength  of  neat-resin  systems  on  flaw  size  sug- 
gests a strong  dependence  of  cracking  during  loading  on  resin  processability.  Fewer 
and  smaller  flaws  within  the  resin  lead  to  higher  strengths. 

Resins  that  exhibited  high  tensile  strengths  were  not  the  same  as  those  that 
had  a high  Young’s  modulus  or  a high  strain  to  failure.  For  the  purpose  of  resin 
selection  for  composites  produced  by  filament  winding  or  pultrusion,  these  property 
distinctions  among  resin  systems  will  be  very  important  in  strut  failure  analyses  and 
modeling.  For  an  optimum  resin  to  be  selected  from  this  set  of  data,  the  matrix 
property  that  has  the  greatest  impact  on  strut  mechanical  performance  must  be  identi- 
fied. Furthermore,  the  strong  dependence  of  resin  strength  on  flaw  size  suggests  that 
the  ability  to  produce  a resin  with  low  flaw  concentrations  and  size  may  be  the  most 
significant  selection  parameter. 

At  room  temperature,  all  classes  of  resin  systems  in  this  study  had  similar 
strengths,  but  filled  systems  and  multifunctional  epoxy  systems  had  higher  Young’s 
moduli.  At  low  temperatures,  some  vinyl  esters  had  higher  tensile  strengths,  and  the 
cyanate  esters  had  lower  tensile  strengths.  The  filled  systems  and  multifunctional 
epoxies  also  had  relatively  low  tensile  strengths. 
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4.1  Introduction 


The  strength  of  fiber-reinforced  composites  is  affected  by  the  strength  of  the  matrix  resin. 
Similarly,  the  stiffness  of  a composite  is  influenced  by  the  elastic  properties  of  the  resin;  this  is 
particularly  true  for  through-thickness  and  transverse  (to  the  fiber)  orientations.  Therefore,  to  obtain 
Young’s  modulus  (E),  ultimate  tensile  strength  (cr^),  and  strain  to  failure  (by  using  oJE)  of  candidate 
neat-resin  systems,  tensile  tests  were  carried  out  at  295,  76,  and  4 K.  All  resin  systems  (epoxies, 
vinyl  esters,  cyanate  esters,  and  polyesters)  were  included  in  this  test  program.  Neat  resins  that  were 
toughened  and  filled  were  also  included. 

Very  few  tensile  tests  have  been  conducted  on  epoxies  at  4 K,  and  no  tensile  tests  have  been 
reported  on  vinyl  esters,  polyesters,  and  cyanate  esters  at  76  or  4 K.  Therefore,  these  data  add  very 
significantly  to  our  understanding  of  neat-resin  mechanical  behavior  at  low  temperatures. 


4.2  Literature  Review 

The  tensile  properties  of  neat-resin  systems  at  low  temperatures  have  been  measured  by  only 
a few— Hartwig  [4.1,  4.2],  Lee  and  Neville  [4.3],  Chiao  et  al,  [4.4],  Hacker  et  al.  [4.5],  and  Pink 
and  Campbell  [4.6].  These  measurements  were  restricted  to  the  study  of  epoxy  systems;  they  are  sum- 
marized in  Table  4.1. 


Table  4. 1 Low-temperature  tensile  properties  of  neat  resins. 


Type 

Temperature 

(K) 

Property  Value* 
(MPa) 

Investigator— Year  [Ref.] 

Epoxy: 

4 

E = 8.11  X 10^ 

Hartwig-1978  [4.1] 

My  740, 

=20,  v = 0.37 

D 230  hardener 

77 

E = 7.85  X 10^ 

295 

E = 3.9  X 10^ 

Flexible  epoxy: 

4 

E = 7.35  X 10^ 

Hartwig— 1978  [4.1] 

Cy  221,  Hy  956 
hardener 

u = 0.36 

Semiflexible  epoxy: 

4 

E = 1.3  X 10^ 

Hartwig— 1978  [4.1] 

Cy  221,  Hy  979 
hardener 

= 179,  p = 0.37 

Rigid  epoxy: 

4 

E = 7.65  X 10^ 

Hartwig-1978  [4.1] 

X186/2476/Hy  905 
hardener 

a^=  \A2,p  = 0.37 
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Table  4.1.  Low-temperature  tensile  properties  of  neat  resins  (continued). 


Type 

Temperature 

(K) 

Property  Value* 
(MPa) 

Investigator— Year  [Ref.] 

Semiflexible  epoxy: 

CY  221  (aliphatic), 

HY  979  (aromatic  amine) 
hardener: 

Hartwig— 1976  [4.2] 

no  quartz  filler 

4 

E =1.3  X 10^ 

20%  quartz  filler 

4 

£=11x10^ 

40%  quartz  filler 

4 

E = 15.5  X 103 

no  quartz  filler 

200 

£ = 4.9  X 10^ 

20%  quartz  filler 

200 

£ = 6.9  X 10^ 

40%  quartz  filler 

200 

£ = 12  X 10^ 

Epoxy:  DGEBA 

8 phr  DETA  hardener 

295 

£ = 2.8  X 10^ 
a = 80 

U 

Lee  and  Neville— 1972 
[4.3] 

14  phr  DETA 

295 

£ = 3.8  X 10^ 
a,  = 81 

295 

E = 2.6  X 10^ 
a = 68 

U 

295 

£ = 3.0  X 10^ 
a,  = 97 

Epoxy:  XD7818, 

XD7114,  Tonox  60-40 
(4  h-333  K,  3 h-393  K) 

295 

u,  = 95 

Chiao  et  al.-1975  [4.4] 

Epoxy:  XD7818 

ERL  4026, 

Tonox  60-40 

295 

a,  = 117 

Chiao  et  al.-1975  [4.4] 

Epoxy:  DGEBA, 
nadicanhydride 

300 

£ = 3.0  X 10^ 
a,  = 60 

Hacker  et  al.— 1984  [4.5] 

77 

£ = 5.2  X 10^ 

Epoxy:  new  system 

300 

£ = 2 X 10^ 
a = 65 

u 

Hacker  et  al.— 1984  [4.5] 

77 

E = 5.2  X 10^ 

= 65 
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Table  4.1.  Low-temperature  tensile  properties  of  neat  resins  (continued). 


Type 

Temperature 

(K) 

Property  Value* 
(MPa) 

Investigator— Year  [Ref.] 

Epoxy:  MY  753 

300 

£ = 2 X 10^ 

Pink  and  Campbell— 

HY  951  hardener 

a,  = 80 

1974  [4.6] 

{T^  ~ 423  K) 

200 

£ = 3 X 10^ 
a,  = 100 

77 

£ = 5 X 10^ 
a„=  118 

*v  is  Poisson’s  ratio 


Hartwig  studied  the  effects  of  quartz  filler  on  the  Young’s  modulus  of  a semiflexible  DGEBA 
epoxy  system  [4.2].  His  tests  were  conducted  at  4,  50,  100,  and  200  K.  The  dependence  on  volume 
percent  of  quartz  filler  (0  to  35  vol%)  remained  constant  throughout  this  temperature  range.  The 
approximate  dependence  is  £ - 1/(1  - Vj-)  where  Vj-  is  the  volume  percent  of  the  filler.  At  a higher 
volume  percent  (52  vol%),  there  was  less  increase  in  E at  the  higher  test  temperatures.  Poisson’s 
ratios  of  0.35  and  0.37  were  measured  for  the  semiflexible  neat  resin  at  <200  K and  room  tempera- 
ture, respectively.  For  a highly  filled  system,  with  66  wt%  AI2O3,  Poisson’s  ratio  was  measured  at 
0.31  at  room  temperature. 

Later,  Hartwig  extended  his  study  to  include  the  effects  of  cross-link  distance  of  epoxy  neat 
resins  on  E at  low  temperatures  [4.1].  Cross-link  distances  were  varied  from  1.5  to  10  nm  by  varying 
the  epoxy  system.  Resin  systems  with  large  cross-link  distances  are  flexible  and  their  density,  p,  is 
lower  (7.5  nm  with  p = 1.1  g/cm^);  systems  with  low  cross-link  distances  are  rigid  and  have  a higher 
density  (1.5  nm  with  p = 1.26  g/cm^).  Hartwig  reports  a small  dependence  of  E on  cross-link  dis- 
tance; the  rigid  epoxy  system  (XI 86/2476  with  anhydride  hardener  Hy  905  with  a cross-link  distance 
of  1.5  nm)  has  an  £ of  about  7.65  GPa  at  4 K,  whereas  the  flexible  system  (CY  221  with  HY  956 
hardener  and  a cross-link  distance  of  7.5  nm)  has  an  £ of  about  7.35  GPa  at  4 K.  Poisson’s  ratios 
of  0.36  to  0.37  are  reported  for  all  epoxy  resin  systems  at  4 K.  Ultimate  tensile  strengths  (fracture 
strengths)  were  also  measured  at  4 K by  Hartwig  [4.1].  The  rigid  epoxy  system  failed  at  142  MPa, 
and  the  semiflexible  systems  failed  at  179  to  200  MPa. 

Fracture  energy  (area  under  the  stress-strain  curve)  was  found  to  decrease  by  Colyer  et  al. 
with  decreasing  cross-link  distance  (increasing  resin  rigidity)  at  4 K [4.7].  Table  4.2,  which  repro- 
duces the  results  of  their  study,  shows  the  strong  dependence  of  increasing  fracture  energy  on  de- 
creasing resin  rigidity. 
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Table  4.2.  Fracture  energy  of  epoxy  neat  resins. 


Resin  Type 

Contents 

Parts  by 
Weight 

Cure 

Test 

Temp.  (K) 

Fracture 
Energy  (J/m^) 

Rigid 

MY  740 

100 

Gel  at  80°C, 

293 

100 

MNA 

80 

10  h 

at 

4 

72 

DY062 

0.5 

120°  C 

Semiflexible 

MY  740 

100 

16  h 

4 

364 

POPDA  400 

57 

at 

85°  C 

Cyclo  hexyldiamine 

10 

Semiflexible 

MY  740 

100 

16  h 

77 

430 

D 230 

44 

at 

85°  C 

4 

302 

Flexible 

Adiprene  400 

50 

5 h 

4 

905 

828 

35 

at 

140°  C 

871 

15 

MOCA 

27.5 

Pritchard  and  Rhoades  reviewed  the  fracture  of  resins  and  concluded  that  cross-linking  re- 
duces the  fracture  energy  [4.8].  Since  the  fracture  energy  includes  both  the  energy  to  reach  ultimate 
strength  and  the  energy  for  crack  growth  (unloading),  examination  of  these  components  enables 
assessment  of  their  relative  contributions.  Cross-linking  reduces  or  eliminates  stable  crack  growth. 
Fracture  surfaces  of  highly  cross-linked  resins  are  relatively  smooth  and  featureless. 

The  deformation  characteristics  of  a DGEBA  epoxy  system  were  studied  by  Pink  and 
Campbell  in  the  temperature  range  77  to  380  K [4.6].  Tensile  properties  and  activation  parameters, 
as  measured  from  strain-rate  change  experiments,  were  reported.  Tensile  modulus  and  strength  data 
at  three  temperatures  (77,  200,  and  300  K)  are  listed  in  Table  4.1.  From  activation-energy  analyses, 
they  report  three  temperature  ranges  of  district  deformation  mechanisms.  At  temperatures  below 
180  K,  the  activation  enthalpy  of  deformation  was  about  1 eV;  between  180  and  320  K,  the  activation 
enthalpy  range  was  between  2 and  3 eV;  at  higher  temperatures,  this  enthalpy  was  estimated  between 
4 and  6 eV.  Other  conclusions  are  presented  regarding  time,  temperature,  and  stress  dependencies  for 
the  intermediate  (180  to  320  K)  deformation  stage. 

Limited  tensile  data  were  obtained  by  Hacker  et  al.  on  the  epoxy  system  that  was  used  to  im- 
pregnate the  Euratom  LCT  coil  [4.5].  The  elastic  modulus  value  at  77  K,  given  in  Table  4.1,  agrees 
quite  well  with  other  data  at  77  K,  but  a lower  modulus  (2  GPa)  at  room  temperature  was  reported. 
This  resin  system  had  a low  viscosity  and  low  cure  temperature  (<400  K). 
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Ambient  temperature  data  are  presented  and  reviewed  by  Lee  and  Neville  [4.3].  Data  on 
effects  of  cure  agent,  temperature,  and  concentration  are  presented.  Some  of  the  results  are  listed  in 
Table  4.1.  Tensile  data  from  Chiao  et  al.  from  DGEBF  resins  developed  for  filament  winding  [4.4] 
are  also  included  in  Table  4.1.  Epoxy  resins  based  on  DGEBF  have  slightly  lower  viscosities 
(3.4  Pa*s  at  300  K)  and  slightly  better  tensile  properties. 

Poisson’s  ratio  of  epoxy  resins  has  been  studied  at  room  temperature  by  Warfield  et  al.  by 
measuring  the  stress-strain  characteristics  with  compressibility  tests  on  single  specimens  [4.9].  Bulk 
and  Young’s  modulus  were  measured  simultaneously.  They  obtained  values  of  Poisson’s  ratio  ranging 
from  0.38  to  0.41.  Individual  measurements  included  polyepoxide  - 0.41,  0.40;  polyepoxide  plus 
DDSA  - 0.38;  polyepoxide  plus  MPDA  - 0.40. 


4.3  Resins 

All  the  resin  systems  included  in  the  overall  program  were  measured.  They  included  nine 
epoxies,  four  vinyl  esters,  one  polyester,  and  four  cyanate  esters.  These  resin  systems  are  discussed 
in  detail  in  §111.3;  their  trade  names  and  key  to  their  abbreviations  are  given  in  Tables  2.1  and  2.2 
of  the  Introduction  (§111.2). 

4.4  Procedures 

Tensile  tests  were  conducted  using  screw-driven,  constant-deflection-rate  machines  at  room 
temperature,  76  K (boiling  liquid  nitrogen),  and  4 K ( boiling  liquid  helium). 

Specimens  were  machined  from  the  3-mm-thick  plate  produced  by  pressure  molding 
(§111.3.3.1).  The  configurations  of  the  specimens  are  shown  in  Figure  4.1.  Originally,  all  specimens 
were  machined  according  to  Figure  4.1a  specifications,  but  at  low  temperatures  most  of  these  speci- 
mens failed  in  the  grips  or  along  the  radius.  Therefore,  the  reduced  sections  of  these  specimens  were 
further  decreased  in  area,  following  Figure  4.1b  specifications.  Subsequently,  most  of  the  low- 
temperature  failures  occurred  within  the  gage  length. 

The  specimens  were  held  with  bolted  friction  grips  at  both  wide  ends.  The  amount  of  com- 
pression force  on  the  specimen,  which  was  applied  with  a torque  wrench  on  the  bolts  of  the  end 
grips,  proved  to  be  a sensitive  variable.  Too  much  pressure  induced  microcracking  on  cooling  due 
to  thermal-contraction  mismatch  of  the  metal  grip  and  neat  resin.  Too  little  pressure  led  to  speci- 
men slippage  under  tensile  load.  The  effective  crosshead  rate  was  held  at  0.02  cm/min  in  all  tests. 
Specimens  were  cooled  slowly  in  all  low-temperature  tests  to  reduce  the  stresses  due  to  thermal- 
contraction  mismatch. 

Young’s  modulus  and  Poisson’s  ratio  were  measured  by  using  longitudinal  and  transverse 
oriented  low-temperature  strain  gages. 

Failures  always  occurred  at  the  strain  gages,  independent  of  test  temperature.  Thus,  separate 
tests  were  conducted  to  obtain  ultimate  strength  data.  In  practice,  two  specimens  were  used  to  obtain 
data  for  Young’s  modulus  and  Poisson’s  ratio  at  each  test  temperature,  and  a minimum  of  two  speci- 
mens were  used  (without  strain  gages)  to  obtain  ultimate  strength  data.  Usually,  four  or  more  speci- 
mens were  tested  without  strain  gages  at  low  temperatures. 
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(a) 


Figure  4.1  Specimen  dimensions  (in  millimeters). 


4.5  Results 

Three  sets  of  data  were  obtained  for  each  neat  resin  at  295,  76,  and  4 K:  Young’s  modulus, 
Poisson’s  ratio,  and  ultimate  tensile  strength.  These  are  discussed  separately. 

4.5.1  Young’s  Modulus 

Young’s  moduli  of  the  epoxy-base  resin  systems  at  295,  76,  and  4 K are  plotted  in  Figures 
4.2  through  4.9.  Moduli  data  at  low  temperatures  for  the  cyanate-ester  systems  are  plotted  in  Figures 
4.10  through  4.13;  for  the  vinyl  ester  systems,  in  Figures  4.14  through  4.17;  and  for  the  polyester,  in 
Figure  4.18. 
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4.2.  Young’s  modulus  versus  temperature— DGEBA/DCH/ARA/ACL  epoxy. 
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Figure  4.3.  Young’s  modulus  versus  temperature— DGEBA/ALA/ACL  epoxy. 
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4.4.  Young’s  modulus  versus  temperature— DGEBA-ST/ARA/ACL/F  epoxy. 
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Figure  4.5.  Young’s  modulus  versus  temperature— DGEBF/CTBN/AN  epoxy. 


III-29 


ELASTIC  MODULUS.  GPa  ELASTIC  MODULUS,  GPa 


TEMPERATURE.  K 

Figure  4.6.  Young’s  modulus  versus  temperature— NV/AN/ACL  epoxy. 
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Figure  4.7.  Young’s  modulus  versus  temperature— Cyclo. A/AN/ACL  epoxy. 
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4.8.  Young’s  modulus  versus  temperature— Cyclo.A/CTBN/AN/ACL  epoxy. 
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Figure  4.9.  Young’s  modulus  versus  temperature— MLTF/ARA  epoxy. 
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gure  4.10. 


Young’s  modulus  versus  temperature— CE/VT/Co.  A A cyanate  ester. 
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Figure  4.11.  Young’s  modulus  versus  temperature— CE  cyanate  ester. 
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Figure  4. 12.  Young’s  modulus  versus  temperature— CE(PT)  cyanate  ester. 
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Figure  4.13.  Young’s  modulus  versus  temperature— CE/HTBN/NPh/Cu.AA  cyanate  ester. 
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Figure  4. 14. 


Young’s  modulus  versus  temperature— VE/CHX  vinyl  ester. 
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Figure  4.15.  Young’s  modulus  versus  temperature— VE-EL/MEKP  vinyl  ester. 
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4.16.  Young’s  modulus  versus  temperature— VE/CHP/F  vinyl  ester. 
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Young’s  modulus  versus  temperature— VE/CHP/CoNap/2,4-P  vinyl  ester. 
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Figure  4.18.  Young’s  modulus  versus  temperature— PE/MEKP  polyester. 


Several  traits  distinguish  these  resin  systems: 

1.  The  highest  Young’s  moduli  at  room  temperature  (average  values  >4.06  GPa)  were  obtained  from 
filled  resin  systems  (Figs.  4.4  and  4.16),  a multifunctional  epoxy  (Fig.  4.9),  and  a cyanate-ester, 
phenol ic-triazine  system  (Fig.  4.12).*  The  filled  resin  systems  and  the  multifunctional  epoxy  sys- 
tem also  had  the  highest  average  values  (9.5  GPa)  at  4 K. 

2.  The  cyanate-ester  resin  systems,  which  exhibited  a lower  dependence  of  Young’s  Modulus  on 
temperature,  had  the  lowest  Young’s  moduli  at  4 K.* 

3.  The  epoxy,  vinyl-ester,  and  polyester  resin  systems,  in  general,  all  had  comparable  Young’s 
moduli  at  room  and  low  temperatures. 

The  data  for  each  resin  system  and  test  temperature  are  presented  in  Table  A in  Appendix  A 
(§111.13). 

4.5.2  Poisson’s  Ratio 

Average  values  of  Poisson’s  ratio  for  the  four  resin  classes  are  summarized  in  Table  4.3.  In 
these  averages  the  data  for  the  filled  resin  systems  were  excluded.  All  data  from  individual  tests  are 
listed  in  Appendix  A,  Table  A (§111.13). 


*See  comments  regarding  cure  schedule  on  page  111-16. 
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Table  4.3.  Average  Poisson’s  ratio  data. 


Resin  Base 
(no.  of  resins) 

Average  Values  at  Each  Temperature 
(range  of  values) 

295  K 

76  K 

4 K 

Epoxy  (7) 

0.37 

0.42 

0.40 

(0.34-0.38) 

(0.38-0.47) 

(0.38-0.43) 

Vinyl  ester  (3) 

0.36 

0.43 

0.42 

(0.34-0.39) 

(0.40-0.46) 

(0.40-0.43) 

Cyanate  ester  (4)* 

0.35 

0.43 

0.43 

(0.33-0.37) 

(0.41-0.46) 

(0.42-0.43) 

Polyester  (1) 

0.33 

0.46 

0.40 

— 

— 

— 

Sec  comments  regarding  cure  schedule  on  page  111-16. 


Poisson’s  ratios  at  low  temperatures  (76  and  4 K)  are  about  20%  larger  than  those  at  room 
temperature.  A surprising  result  is  that  the  Poisson’s  ratios  of  those  resins  with  high  values  at  76  K 
(-0.44  to  0.47)  are  apparently  less  at  4 K than  at  76  K.  This  behavior  must  be  studied  further.  The 
effect  of  small  changes  of  strain-gage  sensitivity  between  76  and  4 K must  be  considered  and  more 
than  two  specimens  per  resin  system  per  temperature  must  be  included.  The  average  value  of 
Poisson’s  ratios  for  epoxies  is  slightly  larger  at  room  temperature  and  slightly  less  at  low  tempera- 
tures than  values  for  the  other  resin  classes. 


4.5.3  Ultimate  Tensile  Strength 

The  ultimate  tensile  strengths  of  18  neat  resins  were  measured  at  4,  76,  and  295  K.  In  Fig- 
ures 4.19  through  4.26  the  results  for  epoxy  resins  are  presented.  Data  for  the  cyanate-ester  systems 
are  shown  in  Figures  4.27  through  4.29;  for  the  vinyl-ester  systems,  in  Figures  4.30  through  4.33; 
and  for  the  polyester  system,  in  Figure  4.34.  Averages  of  the  highest  three  ultimate  strengths  at  each 
temperature  are  used  to  portray  the  inherent  strength  of  each  resin  system.  The  lower  values  reflect 
the  effects  of  processing  or  chemical  defects  (e.g.,  porosity  or  surface  scratches  on  secondary  crys- 
tallites) on  the  fracture  strength,  which  is  discussed  later.  As  the  test  temperature  is  lowered,  there 
is  more  data  scatter,  which  is  caused  by  the  higher  sensitivity  to  defects  at  lower  temperatures. 

On  perusal  of  Figures  4.19  through  4.34,  several  trends  are  apparent; 

1.  The  low-temperature  ultimate  tensile  strength  is  generally  higher  than  the  room-temperature 
strength. 

2.  Considerably  greater  scatter  of  data  occurs  at  low  temperatures. 

3.  The  unfilled  vinyl  esters  are  the  strongest  at  4 K. 

4.  At  room  temperature,  the  average  strengths  for  all  resin  systems  fall  within  a narrow  band 
of  55  to  89  MPa. 

5.  The  neat-resin  systems  with  high  Young’s  modulus  have  low  tensile  strengths  at  4 K 
(see  Figs.  4.21,  4.26,  and  4.32). 
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^re  4.19.  Ultimate  tensile  strength  versus  temperature— DGEBA/DCH/ARA/ACL  e] 
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Figure  4.20.  Ultimate  tensile  strength  versus  temperature— DGEBA/ALA/ACL  epoxy. 
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Figure  4.21.  Ultimate  tensile  strength  versus  temperature— DGEBA-ST/ARA/ACL/F  epox 
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Figure  4.22.  Ultimate  tensile  strength  versus  temperature— DGEBF/CTBN/AN  epoxy. 
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Figure  4.23.  Ultimate  tensile  strength  versus  temperature— NV/AN/ACL  epoxy. 


- 25 

- 20 

- 15 

- 10 

- 5 

- 0 

0 50  100  150  200  250  300 

TEMPERATURE,  K 

Figure  4.24.  Ultimate  tensile  strength  versus  temperature— Cyclo. A/AN/ACL  epoxy. 
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Figure  4.26.  Ultimate  tensile  strength  versus  temperature— MLTF/ARA  epoxy. 
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gure  4.27.  Ultimate  tensile  strength  versus  temperature— CE/VT/Co.AA  cyanate  este 
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Figure  4.28.  Ultimate  tensile  strength  versus  temperature— CE  cyanate  ester. 
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4.29.  Ultimate  tensile  strength  versus  temperature— CE/HTBN/NPh/Cu.AA  cyanate  ester. 
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Figure  4.30.  Ultimate  tensile  strength  versus  temperature— VE/CHX  vinyl  ester. 
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4.31.  Ultimate  tensile  strength  versus  temperature— VE-EL/MEKP  vinyl  ester. 
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Figure  4.32.  Ultimate  tensile  strength  versus  temperature— VE/CHP/F  vinyl  ester. 
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4.33.  Ultimate  tensile  strength  versus  temperature— VE/CHP/CoNap/2,4-P  vinyl 
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Figure  4.34.  Ultimate  tensile  strength  versus  temperature— PE/MEKP  polyester. 
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Figure  4.36. 


Load  versus  time— 

DGEBA/DCH/ARA/ACL 

epoxy. 


Load  versus  time— 
DGEBA/ALA/ACL  epoxy. 
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Figure  4.38. 


Load  versus  time— 

DGEBA-ST/ARA/ACL/F 

epoxy. 


Load  versus  time— 
DGEBF/CTBN/AN  epoxy. 
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Figure  4.40. 


Load  versus  time— 
NV/AN/ACL  epoxy. 


Load  versus  time— 

Cyclo.A/CTBN/AN/ACL 

epoxy. 
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Figure  4.42. 


Load  versus  time— 
Cyclo.A/AN/ACL  epoxy. 


Load  versus  time— 
MLTF/ARA  epoxy. 
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Load  versus  time— 
CE/VT/Co.AA  cyanate  ester. 


Load  versus  time— 
CE  cyanate  ester. 
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Figure  4.45.  Load  versus  time— 

CE/HTBN/NPh/Cu.AA 
cyanate  ester. 


Figure  4.46.  Load  versus  time— 
VE/CHX  vinyl  ester. 


TIME,  minutes 


III-51 


LOAD.  kN  LOAD.  kN 


3.5 


VE-EL/MEKP 


Figure  4.48. 


Load  versus  time— 
VE-EL/MEKP  vinyl  ester. 


Load  versus  time— 
VE/CHP/F  vinyl  ester. 


III-52 


LOAD.  kN  LOAD.  kN 


TIME,  minutes 


Figure  4.49.  Load  versus  time— 
VE/CHP/CoNap/2,4-P  vinyl  ester. 


Figure  4.50.  Load  versus  time— 
PE/MEKP  polyester. 
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The  CE(PT)  resin  system  was  very  brittle  at  low  temperatures,  and  no  failures  were  achieved 
within  the  reduced  section  of  the  tensile  specimens.  Premature  failures  were  also  observed  during 
testing  at  room  temperature  (average  failure  strengths  were  28  MPa  at  295  K).  This  resin  system  did 
not  develop  full  crosslinking  as  a result  of  improper  cure. 

Typical  load-versus-time  curves  for  each  test  temperature  for  most  neat-resin  systems  are 
shown  in  Figures  4.35  through  4.50.  All  neat  resins  exhibited  nonlinear  deformation  at  room  tem- 
perature, but  only  a few  (DGEBA/DCA/ARA/ACL,  DGEBA-ST/ARA/ACL/F,  DGEBF/CTBN/AN 
epoxies;  CE/VT/Co.AA  cyanate  ester;  VE/CHX,  VE-EL/MEKP,  VE/CHP/CoNap/2,4-P  vinyl  esters) 
showed  very  limited  nonlinear  deformation  at  76  K,  and  only  the  cyanate  ester  (CE/VT/Co.AA)  had 
very  limited  nonlinear  deformation  at  4 K. 


4.5.4  Fractography 

Optical  microscopy  photographs  were  taken  of  the  tensile  fracture  surface  of  selected  speci- 
mens that  had  been  tested  at  295,  76,  and  4 K.  They  are  shown  in  Figures  4.51  through  4.55  for 
epoxies.  Figures  4.56  through  4.57  for  cyanate  esters,  Figures  4.58  through  4.60  for  vinyl  esters,  and 
Figure  4.61  for  the  polyester. 

The  origin  of  all  fractures  was  easily  determined  in  all  specimens  since  the  flaw  lines  from  the 
crack  path  were  always  observed  to  originate  at  a given  location.  Sometimes  the  fracture  source  was 
on  or  very  near  the  surface  of  specimen;  sometimes  it  was  embedded  in  the  bulk  resin.  In  some  cases, 
the  origin  was  a pore;  in  other  cases,  its  nature  was  not  clear;  but  in  all  cases,  the  crack  appeared  to 
begin  at  a material  or  surface  defect. 

On  many  fracture  surfaces,  granular-like  contours  were  visible.  In  some  cases  (e.g..  Fig.  4.58 
for  the  VE/CHX  vinyl  ester),  they  appeared  more  commonly  on  specimens  tested  at  low  temperatures 
that  those  tested  at  room  temperature. 

Surprisingly,  in  some  cases,  the  contours  of  the  fracture  surfaces  on  specimens  tested  at  low 
temperatures  had  a more  fibrous  appearance  than  the  specimens  tested  at  room  temperature.  For 
example,  in  Figures  4.53,  4.57,  and  4.59,  the  fracture  surface  is  more  planar  at  295  K than  at  4 K 
for  these  epoxy,  cyanate-ester,  and  vinyl-ester  resins,  respectively. 

The  white,  globular-like  objects  on  the  fracture  surfaces  of  the  epoxy  DGEBA-ST/ARA/ 
ACL/F  specimens  (Fig.  4.51)  are  caused  by  the  styrene  modification  to  this  neat  resin. 

On  the  fracture  surfaces  of  a few  resins  (e.g..  Fig.  4.56  for  the  CE/VT/Co.AA  cyanate  ester 
at  76  K),  pores  appeared  to  be  present  on  the  fracture  surface.  Opposite  sides  of  these  specimens  also 
showed  matching  pores.  The  fact  that  these  pores  appeared  on  the  surface  of  specimens  fractured  at 
4 K (Fig.  4.56)  argues  against  the  formation  of  pores  via  diffusion  of  vacancies  during  testing.  The 
artifacts  are  not  present  at  other  locations  on  the  specimen,  indicating  that  they  appeared  only  during 
the  fracture  process.  This  interesting  observation  deserves  careful,  fundamental  study. 

Circumferential  flaw  lines  were  present  on  the  fracture  surface  of  the  toughened  epoxy 
Cyclo.A/CTBN/AN/ACL  specimens  that  were  tested  at  4 K (Fig.  4.54).  They  were  similar  to  stria- 
tions  found  in  materials  that  have  undergone  high-cycle  fatigue,  and  in  these  specimens,  each  striation 
represents  an  increment  of  crack  growth.  However,  the  load-deflection  curve  of  these  specimens  at 
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(a) 


Figure  4.51.  Tensile  fracture  surfaces  of  DGEBA/DCH/ARA/ACL  at  295  K (a)  and  76  K (b) 
and  of  DGEBA-ST/ARA/ACL/F  at  295  K (c)  and  4 K (d). 
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Figure  4.52.  Tensile  fracture  surfaces  of  DGEBF/CTBN/AN  at  76  K (a)  and  4 K (b) 
and  of  DGEBA/ALA/ACL  at  295  K (c)  and  NV/AN/ACL  at  76  K (d). 
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Figure  4.53.  Tensile  fracture  surfaces  of  Cyclo.A/AN/ACL  at  295  K (a)  and  (b) 
and  at  4 K (c). 
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(a)  (b) 

Figure  4.54.  Tensile  fracture  surfaces  of  Cyclo.A/CTBN/AN/ACL  at  4 K (a)  and  (b). 
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Figure  4.55.  Tensile  fracture  surfaces  of  MLTF/ARA  at  295  K (a)  and  (b) 
and  at  4 K (c). 
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Figure  4.56.  Tensile  fracture  surfaces  of  CE/VT/Co.AA  at  76  K (a)  and  4 K (b) 
and  of  CE  at  76  K (c)  and  4 K (d). 
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Figure  4.57.  Tensile  fracture  surfaces  of  CE/HTBN/NPh/Cu.AA 
at  295  K (a)  and  4 K (b). 
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Figure  4.58.  Tensile  fracture  surfaces  of  VE/CHX  at  295  K (a)  and  4 K (b)  and  (c). 


III-62 


III-63 


(C)  (d) 


Figure  4.60.  Tensile  fracture  surfaces  of  VE/CHP/CoNap/2,4-P  at  76  K (a)  and  (b) 
and  at  4 K (c)  and  (d) 
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4 K was  completely  linear  elastic.  Thus,  the  striations  probably  represent  sudden-arrest  sites  of  a 
rapidly  moving  crack  front.  This  phenomenon  has  not  been  previously  reported. 

In  general,  one  cannot  correlate  the  appearance  of  the  fracture  surfaces  to  the  base-resin  sys- 
tem. All  the  base  resins  (epoxy  and  vinyl,  cyanate  and  polyester)  that  were  included  in  this  study  may 
have  similar  fracture-surface  topography.  The  distinctions  among  the  fracture  surfaces  can  be  attri- 
buted to  the  use  of  fillers,  tougheners,  and  other  additives  and  to  the  test  temperature. 


4.6  Discussion 


Analyses  of  the  fracture  surfaces  of  all  types  of  resins,  some  of  which  are  shown  in  Figures 
4.51  through  4.61,  lead  to  the  conclusion  that  all  failures  initiated  from  a point  source  and  that  this 
source  represented  a flaw  in  the  neat  resin.  These  flaws  may  have  been  either  on  the  specimen  surface 
or  embedded  in  the  resin.  Therefore,  it  is  natural  to  attempt  to  relate  the  flaw  size  (maximum 
diameter)  to  the  failure  strength. 


In  Figure  4.62,  the  tensile  strength  at  295,  77,  and  4 K is  plotted  versus  the  square  root  of 
the  average  flaw  size  (a)  for  most  of  the  specimens  whose  fracture  surfaces  are  shown  in  Figures  4.51 
through  4.61.  At  both  low  and  room  temperatures,  there  is  a linear  relationship  between  the  ultimate 
tensile  strength  {a^)  and  the  square  root  of  the  flaw  size.  In  this  figure,  the  power  dependence  of 
on  a was  chosen  as  ’/2,  in  deference  to  that  found  in  metals.  However,  it  must  be  pointed  out  that  the 
scatter  of  the  data  was  large  enough  so  that  other  exponents  would  have  yielded  similar  trends.  No 
regression  analyses  were  performed  on  these  data  sets  to  optimize  the  power  dependence. 


Data  from  76-  and  4-K  tests  all  fall  within  one  trend  line,  indicating  that  fracture  mechanisms 
are  similar;  the  data  from  295-K  tests  are  distinct  and  lower.  Significantly,  the  data  of  all  neat-resin 
systems  fall  within  the  trend  lines  except  for  the  filled-resin  systems  (DGEBA-ST/ARA/ACL/F  epoxy 
and  VE/CHP/F  vinyl  ester);  data  for  these  two  resin  systems  are  not  included. 


Analysis  of  Figure  4.62  leads  to  some  interesting  conclusions.  Equations  from  Figure  4.62  are 
for  76  and  4 K 


and  for  295  K 


= 170  - \12^a  = 170(1  - ^a) 
(7^  = 98  - 80Va  ^ 100(1  - 0.8^a), 


(4.1) 

(4.2) 


where  the  units  of  are  MPa  and  of  a,  mm. 

Equations  4.1  and  4.2  suggest  that  the  inherent  low-temperature  strength  of  neat  resins  is 
about  1.7  larger  than  the  room-temperature  strength,  independent  of  coexisting  flaws  in  the  neat 
resin  or  on  the  specimen  surface.  Also,  at  low  temperatures  (76  to  4 K),  the  sensitivity  to  flaws 
( — 172  MPaA/a)  is  about  100%  more  than  the  room-temperature  sensitivity  ( — 80  MPaA/a).  Thus, 
at  low  temperatures,  the  inherent  resin  strength  increases  about  75%,  and  the  sensitivity  to  flaws 
increases  by  about  100%. 


From  these  trend  lines  of  Figure  4.62,  the  fracture  toughness  (KjJ  of  the  resin  systems  can  be 
estimated  if  one  assumes  a constant  stress-intensity  factor  03)  for  all  flaw  types.  Here 
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Figure  4.62.  Tensile  strength  versus  the  square  root  of  flaw  size. 


Ki^  = ^o^s/lFa,  (4.3) 

where  jS  is  related  to  crack  size,  geometry,  and  location;  it  was  arbitrarily  chosen  to  be  a constant  and 
equal  to  1 for  these  calculations.  For  a more  detailed  discussion  of  the  stress-intensity-factor  approach 
to  describing  fracture  in  resins,  the  reader  is  referred  to  Pritchard  and  Rhoades  [4.8]. 


Combining  Equations  4.1  and  4.2  with  4.3  and  converting  the  units  of  a from  millimeters  to 
meters,  we  obtain  in  MPa>/ m, 

for  76  and  4 K 


and  for  295  K 


= (3.3  X I0"')o„  (170  - (4.4) 

K,^  = (7  X 10^)o„  (100  - <r„).  (4.5) 
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Figure  4.63.  Equations  4.4  and  4.5  showing  the  dependence  of  fracture  toughness  on  tensile  strength. 


These  two  relationships  are  plotted  in  Figure  4.63;  they  represent  parabolic  dependences  with 
maximum  K,j.  values  of  1.76  MPa^Am  at  50  MPa,  295  K and  of  2.38  MPa-/m  at  85  MPa,  76  to  4 K. 
At  low  values  of  tensile  strength,  the  fracture  toughness  at  room  temperature  is  slightly  higher  than  at 
low  temperatures.  At  tensile-strength  values  above  about  40  MPa,  the  toughness  at  low  temperatures 
is  higher.  Optimum-toughness  resins  have  a tensile  strength  of  about  50  MPa  at  room  temperature  and 
85  MPa  at  low  temperatures. 

There  is  a reassuring  aspect  to  the  a^^-versus-V^a  low-temperature  trend  line  of  Figure  4.62. 
The  four  data  points  that  lie  nearly  on  the  trend  line  are  from  embedded  flaws.  It  is  much  easier  to 
estimate  the  size  of  flaws  that  lie  entirely  within  the  matrix  than  the  size  of  surface  flaws.  The  nature 
of  surface  flaws  and,  sometimes,  the  complex  lighting  conditions  make  it  much  more  difficult  to  esti- 
mate their  size. 

Thus,  considering  the  sensitivity  of  ultimate  strength  to  flaw  size,  it  is  easy  to  understand  the 
data  scatter  at  low  temperatures.  Also,  the  apparent  relative  ultimate  tensile  strength  of  each  resin 
system  may,  in  fact,  reflect  processing  difficulties  or  deficiencies  rather  than  inherent  strength  distinc- 
tions. To  properly  sort  out  the  inherent  strength  difference  of  the  generic  classes  of  resins  demands 
increased  emphasis  on  careful,  reliable  processing  techniques.  This  increased  processing  care  should 
go  well  beyond  that  which  is  currently  practiced  by  industry  in  the  production  of  components  that  are 
used  primarily  at  room  temperature. 

It  could  be  that  the  processing  schedules  provided  by  the  various  sources  listed  in  Table  2.1  of 
§111.2  result  in  flaw  concentrations  and  sizes  that  would  be  generated  during  strut  manufacture.  If  this 
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is  assumed,  then  the  results  of  this  study  can  be  used  for  initial  selection  of  resin  systems  for  strut 
manufacture. 

Apparent  total  strain  to  failure,  with  the  assumption  of  linear  elastic  conditions,  may  be  es- 
timated by  comparing  the  ratios  of  ultimate  tensile  strength  to  Young’s  modulus  for  different  resins. 
Of  course,  since  all  resins  exhibited  some  plastic  deformation  at  room  temperature,  this  ratio  under- 
estimates strain-to-failure  at  room  temperature.  In  Figures  4.64  through  4.66,  the  tensile  strength  is 
plotted  versus  Young’s  modulus  for  the  epoxies,  the  vinyl  esters,  and  the  cyanate  esters  plus  the  poly- 
ester, respectively.  Data  from  all  test  temperatures  are  included  in  these  figures.  Resin  systems  with 
relatively  high  strength  and  low  modulus  at  each  specific  temperature  have  large  apparent  strains  to 
failure.  Thus,  for  epoxy  resins,  the  DGEBF/CTBN/AN  has  the  largest  strain-to-failure  at  low  tem- 
peratures. Other  resin  systems  that  have  high  strain  to  failure  at  low  temperatures  include  the  vinyl 
esters  VE/CHX  and  VE-EL/MEKP. 

From  these  tensile  results,  the  following  resin  systems  have  the  best  properties  in  their  class: 


epoxy 

at  low  temperatures  - strength: 

modulus: 

elongation 

at  room  temperature  - strength: 

modulus: 


DGEBF/CTBN/AN 

DGEBA-ST/ARA/ACL/F  & MLTF/ARA 
DGEBF/CTBN/AN 

Cyclo. A/AN/ACL  & NV/AN/ACL 
DGEBA-ST/ARA/ACL/F  & MLTF/ARA 


cyanate  ester: 


CE/HTBN/NPh/CnAA 


vinyl  ester: 

at  low  temperatures  - strength: 

modulus: 

elongation: 

at  room  temperature  - strength: 

modulus: 


VE/CHX  & VE-EL/MEKP 
VE/CHP/F 

VE/CHX  & VE-EL/MEKP 

VE/CHP/CoNap/2,4-P 

VE/CHP/F 


polyester:  PE/MEKP 

The  strength  of  PE/MEKP  is  better  than  those  of  cyanate  esters  and  its  modulus  is 
better  than  most  cyanate  esters  and  some  vinyl  esters  and  epoxies. 


Higher  Young’s  moduli  are  obtained  by  adding  filler  material  or  by  using  multifunctional 
epoxies.  However,  both  of  these  types  of  resins  have  unusually  low  tensile  strengths  at  low  tempera- 
tures. Higher  strengths  at  low  temperatures  are  found  in  some  vinyl  esters,  and  the  lowest  strengths 
are  found  in  the  cyanate  esters.  The  low  strength  in  the  CE(PT)  resin  system  is  probably  due  to 
undercuring;  therefore,  this  ranking  is  not  absolute.  The  epoxy  resin  systems  have  a large  range  of 
low-temperature  strengths,  and  from  a chemical  standpoint,  it  is  not  evident  what  influences  the 
strength. 
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Figure  4.64.  Tensile  strength  versus  Young’s  modulus  for  epoxies. 
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Figure  4.65.  Tensile  strength  versus  Young’s  modulus  for  vinyl  esters. 
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Figure  4.66.  Tensile  strength  versus  Young’s  modulus  for  cyanate  esters  and  polyester. 


Finally,  the  selection  of  the  best  resin  systems  for  strut  manufacture,  based  on  the  tensile  data, 
depends  on  two  parameters: 

1.  The  dependence  of  tensile  strengths  on  flaw  size  and  flaw  concentration  places  a premium  on  the 
effective  processability  of  the  resin  system. 

2.  The  distinctions  between  resin  systems  that  have  high  Young’s  modulus  and  those  that  have  high 
strength  place  emphasis  on  effective  failure  analyses  and  modeling  of  strut  failure  mechanisms. 

The  predicted  dependence  of  the  failure  mechanism  on  strut  (and  matrix)  rigidity,  or  on  matrix 
strength  or  strain  to  failure,  will  dictate  resin  selection  criteria. 
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5.  Shear  Properties 


J.B.  Darr  and  P.E.  Fabian 
R.P.  Reed* 

Composite  Technology  Development,  Inc. 
Boulder,  Colorado 

^Cryogenic  Materials,  Inc. 
Boulder,  Colorado 


5.1  Introduction 

Cylindrical,  neat  specimens,  produced  with  the  pultrusion  process,  contain  very  few  flaws, 
have  a very  smooth  surface  contour  and  finish,  and  are  ideal  for  testing  in  torsion.  Torsion  tests 
are  an  excellent  method  for  evaluating  shear  properties.  Shear  strength,  strain  to  failure,  and 
modulus  were  measured  at  295,  76,  and  4 K for  selected  epoxy,  vinyl-ester,  cyanate-ester,  and 
polyester  resins.  Toughened-epoxy  and  filled-epoxy  resins  were  also  tested. 


5.2  Review  of  Literature 

The  torsion  test  method  has  been  repeatedly  confirmed  as  a very  reliable,  accurate  test  for 
evaluating  shear  properties  in  materials.  Wilson  recognized  the  torsion  test  as  the  test  method 
that  produces  the  purest  state  of  shear  stress  [5.1],  and  Adams  found  that  the  torsion  test  has 
the  ability  to  introduce  a well-defined  state  of  stress  into  the  test  specimen  [5.2],  which  enables 
both  the  shear  strength  and  shear  modulus  to  be  determined  from  a single  specimen.  Adams 
also  showed  that  the  easily  performed,  inexpensive,  solid-rod  torsion  test  consistently  gives 
reliable  values  for  shear  properties. 

Kasen  introduced  torsion  testing  at  cryogenic  temperatures.  He  found  this  test  method  to  be 
an  efficient  way  of  screening  the  influence  of  components  in  unreinforced  polymers,  as  well  as 
composites,  metals,  and  alloys,  in  a cryogenic  environment  [5.3,  5.4]  and  advocated  its  use  for 
irradiation  testing.  To  study  composites,  he  developed  a pultrusion  method  to  produce 
unidirectional  glass-reinforced  resin-based  materials  that  contain  about  55  voI%  of  reinforcing 
fibers.  He  showed  that  at  low  temperatures  the  fracture  path  for  these  unidirectional  composites 
tended  to  follow  the  fiber-matrix  interface.  Thus,  one  should  expect  strong  correlation  between 
the  shear  strength  obtained  with  the  torsion  method  and  the  interlaminar  shear  strength. 

Composite  Technology  Development  has  used  this  test  procedure  and  method  in  numerous 
programs  to  screen  and  differentiate  between  different  materials,  including  neat-resin  and 
composite  materials,  at  cryogenic  and  ambient  temperatures  [5.5,  5.6]. 


5.3  Resins 

Each  of  the  resin  systems  is  described  in  detail  in  §111.3.3.2.  Their  trade  names  and  key  to 
their  abbreviations  are  given  in  Tables  2.1  and  2.2  of  §111.2. 
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5.4  Procedures 


5.4.1  Specimen  Preparation 

Rods  of  neat  resin  were  produced  by  the  pultrusion  process  described  in  §111.3.3.1. 

Torsion  specimens  were  cut  from  3.2-mm-diameter  rods  to  a length  of  50  mm.  The 
diameter  and  length  of  each  specimen  were  measured,  and  each  specimen  was  visually 
inspected  for  flaws.  Flawed  specimens  were  eliminated  from  the  test  matrix. 


5.4.2  Test  Apparatus  and  Method 

Torsion  testing  was  done  at  295,  76,  and  4 K with  the  special  test  apparatus  shown  in  Fig- 
ures 5.1  and  5.2.  This  strain-controlled  torsion-shear  test  facility  and  method  are  described 
further  in  Reference  5.3.  The  system  was  operated  at  an  angular  displacement  rate  of  about 
0.3°  •s“’,  which  resulted  in  a torsion  strain  rate  of  about  5.2  x 10”^  radiants"*  for  3.2-mm- 
diameter  specimens.  The  gage  length  of  a specimen  was  25  mm. 

Rod  specimens  were  inserted  into  collet  grips.  The  grips  were  tightened  to  a torque 
adequate  to  hold  the  specimens  without  undue  slippage  but  not  so  tight  as  to  cause  premature 
failure.  The  specimen  was  inserted  into  the  reaction  tube  assembly,  which  was  then  loaded  into 
the  test  apparatus.  When  the  test  was  to  be  performed  at  cryogenic  temperature,  the  reaction 
tube  assembly  bearing  the  specimen  was  lowered  into  a Dewar  containing  the  appropriate 
cryogen,  either  liquid  nitrogen  (at  76  K)  or  liquid  helium  (at  4 K). 

A torsion  load  was  applied  via  a gear  assembly,  and  the  torque  was  measured  by  a torsion 
load  cell  located  between  the  loading  point  and  the  specimen.  Rotation  of  the  specimen  was 
measured  by  the  rotary  variable-displacement  transducer  (RVDT),  also  in  the  load  line.  Signals 
from  the  load  cell  and  RVDT  were  fed  into  a chart  recorder,  which  produced  a continuous 
record  of  torque  versus  angular  displacement. 

The  shear  moduli  were  calculated  by  converting  the  initial  slopes  of  the  torque-angular- 
displacement  curves  into  the  appropriate  shear  stress  and  shear  strain  components.  For  each 
specimen,  continuous  measurements  at  low  loads  were  taken  repeatedly,  at  least  four  times,  by 
raising  and  lowering  the  applied  torque.  The  final  three  measurement  trials  were  averaged  to 
obtain  the  reported  shear  modulus. 

After  measuring  the  moduli  at  low  loadings,  the  specimen  was  loaded  to  failure.  The  shear 
strengths  and  shear  strains  reported  were  calculated  from  the  maximum  loads,  and  angular 
displacements  were  recorded  at  specimen  failures.  When  the  angular  displacement  exceeded 
90°,  the  test  was  terminated  because  this  is  the  limit  of  linear  response  for  the  RVDT. 

In  shear  tests  performed  at  ambient  temperature  (295  K),  specimens  usually  do  not  fail 
before  90°  of  rotation  is  reached.  Therefore,  an  effective  yield  shear  strength  and  strain  were 
calculated  by  taking  the  slope  of  the  initial  linear  portion  of  the  load-angular-rotation  curve, 
offsetting  this  slope  by  10°  of  angular  rotation,  and  finding  the  intersection  of  this  line  with  the 
load-displacement  curve.  The  calculated  yield  strength  and  strain  represent  the  departure  of  the 
material  from  linear  behavior  and  are  analogous  to  yield  in  metallic  materials.  For  the  two  tests 
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at  76  K that  did  not  result  in  material  failure  at  90°  of  rotation,  the  maximum  values  were 
calculated,  and  the  shear  strengths  and  strains  are  reported  as  "greater  than"  values. 


Figure  5.1.  Strain-controlled  torsion-shear  test  facility  (cutaway  view) 
optimized  for  rod-shaped  specimens. 


Figure  5.2.  Torsion  test  specimens  are  held  by  collet  grips 
in  the  reaction-tube  assembly. 
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The  shear  strength  (r)  is  calculated  from 


Tr 


(5.1) 


where  Tis  the  torque,  r is  the  specimen  radius,  and  7^  is  the  polar  moment  of  inertia,  which  is 
equal  to  Trd^l32  (where  d is  the  specimen  diameter). 

The  shear  modulus  (G)  is  found  from 

TL 


G = 


BL 


(5.2) 


where  L is  the  specimen  gage  length  and  B is  the  angular  displacement  in  radians. 
The  shear  strain  (7)  is  related  to  B by 

B r , 

and  since  r = 1.6  mm  and  L = 25.4  mm,  7 = Bl\6. 


(5.3) 


5.5  Results 

The  shear  modulus  (G),  shear  strength  (r),  and  shear  strain  to  failure  (7)  are  presented  in 
tabular  form  for  each  specimen  of  each  resin  system  in  Appendix  B (§111.13).  In  tests  conducted 
at  room  temperature,  the  specimens  did  not  fracture.  The  data  presented  for  room-temperature 
tests  that  are  labeled  "yield  strength"  and  "strain"  represent  the  shear  strength  and  strain  for  the 
intersection  point  on  the  r-7  curves  of  a 10°  rotational  offset  (from  the  linear  elastic  portion  of 
the  T-7  curves)  on  the  strain  axis.  Room-temperature  values  labeled  "ultimate  strength"  and 
"strain"  represent  data  taken  at  a full  90°  rotation  and  do  not  represent  specimen  failure  data. 
Property  data  for  epoxy,  toughened-epoxy,  cyanate-ester,*  and  vinyl-ester  plus  polyester  resin 
systems  are  plotted  versus  temperature  in  Figures  5.3  through  5.6,  respectively. 

The  shear  modulus  has  a strong  dependence  on  temperature.  For  all  epoxy,  vinyl-ester, 
and  polyester  resin  systems,  G is  about  a factor  of  3 larger  at  4 K than  at  295  K.  For  cyanate- 
ester  systems,  G increases  slightly  less  as  the  temperature  is  lowered  and  the  ratio  of  4-K  to 
295-K  data  is  about  2.  The  filled  and  multifunctional  epoxies  and  the  filled  vinyl-ester  systems 
have  higher  values  of  G at  all  temperatures. 

At  76  K,  the  shear-strength  averages  tend  to  be  slightly  higher  than  at  4 K for  all  resin 
systems  except  the  cyanate  esters.  The  cyanate  esters  have  steadily  increasing  shear  strengths  at 
lower  temperatures,  but  the  magnitude  of  their  strength  is  lower,  in  general,  than  that  of  the 
other  resin  systems.  Notice,  again,  that  the  room-temperature  strength  data  do  not  represent 
fracture  strengths,  but  offset,  yield-like  strengths. 

Shear  strain  to  failure  also  decreases  from  76  to  4 K;  this  reflects  either  a slightly  higher 
shear  modulus,  a lower  shear  strength,  or  both. 


See  comments  regarding  cure  schedule  on  page  111-16. 
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Figure  5.3.  Epoxy-system  properties:  (a)  shear  modulus;  (b)  shear  strength 
(continued  on  next  page)  . 
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Figure  5.3.  (continued).  Epoxy-system  properties:  (c)  shear  strain  versus  temperature. 
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Figure  5.4.  Toughened-epoxy-system  properties:  (a)  shear  modulus  (continued  on  next  page). 
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Figure  5.4.  (continued).  Toughened-epoxy-system  properties:  (b)  shear  strength 

(c)  shear  strain  versus  temperature. 
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Figure  5.5.  Cyanate-ester-system  properties:  (a)  shear  modulus;  (b)  shear  strength 
(continued  on  next  page). 
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Figure  5.5  (continued).  Cyanate-ester-system  properties; 

(c)  shear  strain  versus  temperature. 
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Figure  5.6.  Vinyl-ester  and  polyester  system  properties:  (a)  shear  modulus 
(b)  shear  strength  versus  temperature. 
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5.6  Discussion 


From  the  results  presented  in  Figures  5.3  through  5.6,  several  conclusions  can  be  drawn 
regarding  the  relative  performance  of  the  resin  systems*  in  this  program: 

1 . At  low  temperatures,  the  epoxies  and  vinyl  esters  had  higher  shear  moduli  than  the  cyanate 
esters  and  polyesters.  Of  the  epoxies  and  vinyl  esters,  the  filled  and  multifunctional  resin 
systems  had  higher  shear  moduli. 

2.  At  low  temperatures,  those  resin  systems  with  the  highest  shear  strength  at  76  K had  reduced 
shear  strength  at  4 K;  conversely,  those  with  the  lowest  strengths  at  77  K had  higher  strengths 
at  4 K.  These  temperature  dependences  reflect  the  sensitivity  of  the  resin  systems  to  surface 
or  embedded  flaws.  Several  epoxy  systems  had  the  highest  shear  strengths  at  low  tempera- 
tures: the  DGEBA/DCH/ARA/ACL,  NV/AN/ACL,  and  DGEBA/ALA/ACL  epoxy  systems 
and  the  DGEBF/CTBN/AN  toughened  epoxy  system. 

3.  Since  most  stress-strain  curves  at  low  temperatures  are  linear  elastic,  the  shear-strain  data 
usually  reflect  the  relative  strengths  and  moduli.  Therefore,  those  systems  that  had  the  highest 
shear  strengths  usually  had  better  shear  strain  to  failure. 

Plots  of  shear  strength  versus  shear  modulus  provide  a visual  guide  for  relative  strain  to 
failure  since  the  ratio  of  strength  to  modulus  is  the  effective  strain,  assuming  linear  elastic  load- 
ing conditions.  In  Figures  5.7  through  5.9,  these  plots  are  shown  for  epoxies,  cyanate  esters,* 
and  the  polyester  and  vinyl  esters,  respectively.  Typically,  one  sees  a probable  linear  dependence 
between  r and  G from  295  to  76  K and  a random  falling  off  of  t in  those  resin  systems  that  are 
more  notch  (flaw)  sensitive  at  low  temperatures.  All  resin  systems  that  have  higher  shear  moduli 
at  low  temperatures  (including  filled  and  multifunctional  epoxies)  have  relatively  lower  values  of 
shear  strength  at  low  temperature.  To  construct  these  plots,  the  three  highest  strength  data  points 
were  used;  this  is  similar  to  the  procedure  used  for  some  presentations  of  tensile  data.  Thus,  the 
averages  presented  in  Figures  5.7  through  5.9  are  slightly  higher  than  those  presented  in  Figures 
5.3  through  5.6.  Clearly,  the  epoxy  systems  have  better  low-temperature  properties.  Of  the  other 
resin  systems,  the  PE/MEKP  polyester,  VE-EL/MEKP  vinyl-ester,  and  CE/HTBN/NPh/CuAA 
cyanate-ester  systems  have  promise  for  low-temperature  use. 


See  comments  regarding  cure  schedule  on  page  111-16. 
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Figure  5.7.  For  epoxy-resin  systems,  shear  strength  versus  shear  modulus. 
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Figure  5.9.  For  vinyl-ester  systems,  shear  strength  versus  shear  modulus. 
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6.  Thermal  Contraction 
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The  thermal  contraction  of  15  different  neat-resin  systems,  on  cooling  from 
room  temperature  to  4 K,  was  measured  with  strain  gages.  Epoxy-,  vinyl-ester-, 
polyester-,  and  cyanate-ester-based  systems  were  studied.  In  general,  the  vinyl  esters 
and  polyesters  contracted  more  than  the  epoxies  during  cool-down.  Filled  resin  sys- 
tems and  tetrafunctional  epoxy  systems  contracted  less  on  cooling.  A very  general 
correlation  for  neat-resin  systems  was  found  between  (increasing)  elastic  moduli  and 
(decreasing)  thermal  contraction  during  cooling. 

To  the  best  of  our  knowledge,  this  study  represents  the  first  time  that  the 
thermal  contractions  of  these  resin  systems  have  been  measured  at  low  temperatures. 
The  use  of  strain  gages  to  measure  thermal  contraction  at  low  temperatures  has  been 
shown  to  produce  reliable  data. 


6.1  Introduction 

The  amount  of  contraction  of  the  resin  on  cooling  to  low  temperatures  affects  the  residual 
stress  of  the  composite  and  contributes  to  the  overall  length  change  of  a strut  system.  Thermal  con- 
traction is  an  essential  parameter  for  analytic  models.  Surprisingly,  as  discussed  in  §6.2,  the  thermal 
contraction  of  only  a few  epoxy  resins  has  been  measured  to  4 K,  and  there  is  no  information  on  the 
contraction  characteristics  at  low  temperatures  of  vinyl-ester-,  polyester-,  and  cyanate-ester-based 
resin  systems. 

Measurements  from  room  temperature  to  boiling  liquid-helium  temperature  (4  K)  were  con- 
ducted on  selected  epoxy,  vinyl-ester,  polyester,  and  cyanate-ester  neat  resins.  Neat  resins  that  are 
toughened  and  filled  were  also  included  to  assess  the  influence  of  the  additions. 

We  measured  the  thermal  contraction  of  15  different  neat  resins  with  a unique,  relatively 
inexpensive  technique  that  uses  strain  gages  to  measure  the  change  in  specimen  length.  The  technique 
is  also  very  versatile;  it  can  be  used  to  measure  specimens  of  different  shapes. 


6.2  Review  of  Literature 

The  thermal  contraction  of  a limited  number  of  epoxies  has  been  measured  from  room  tem- 
perature to  4 K [6. 1-6.5].  The  data  from  these  studies  are  given  in  Table  6.1  in  percent  thermal 
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contraction,  - L4)/L|^j}  x 100,  where  is  the  original  specimen  length  at  room  tempera- 

ture, and  L4  is  the  specimen  length  at  4 K.  For  unfilled  epoxies,  the  reported  values  range  from  about 
1.1  to  1.5%.  Filled  resins  have  less  contraction  on  cooling;  for  example,  with  40%  filler,  the  con- 
traction is  about  one-half  that  of  the  unfilled  epoxy  system  [6. 1-6.3].  The  disparity  among  the  data 
in  Table  6. 1 is  rather  large,  and  none  of  the  reports  specify  the  components  of  the  epoxy  systems; 
thus,  it  is  not  possible  to  differentiate  between  measurement  errors  and  material  differences.  A large 
difference,  1.5%  compared  to  1.1%,  was  observed  [6.4,  6.5]  for  data  on  flexible  epoxies.  Another 
feature  of  the  data  found  in  the  literature  is  the  large  variability,  typically  ±0.2  to  ±0.4%,  of  values 
for  similar  resin  systems. 


Table  6.1.  Percent  thermal  contraction  of  resins  at  low  temperatures 


Resin 

X 100 

Source 

^RT 

Various  unfilled  epoxies 

1.4  ± 0.4 

M.  Van  de  Voorde  [6.1] 

Filled  epoxies 

0.5  ± 0.2 

M.  Van  de  Voorde  [6.1] 

Shell  linear  epoxy  R 

1.25 

M.  Van  de  Voorde  [6.1] 

with  20  vol  % quartz  powder 

0.75 

with  40  voI%  quartz  powder 

0.62 

Epoxy  resins 

1.2  ± 0.2 

G.  Hartwig  [6.2,  6.3] 

with  20  vol%  filler* 

0.9  ± 0.1 

with  40  vol%  filler* 

0.65  ± 0.05 

Flexibilized  epoxy 

1.09 

H.  Hacker  et  al.  [6.4] 

Rigid  epoxy 

1.1 

D.  Evans  and  J.  T.  Morgan  [6.5] 

Semiflexible  epoxy 

1.5 

D.  Evans  and  J.  T.  Morgan  [6.5] 

*includes  quartz,  zirconium  silicate,  or  aluminum  oxide 


The  effects  of  fillers  in  epoxy  on  the  low-temperature  thermal  contraction  were  studied 
extensively  by  Hartwig  [6.3].  Quartz,  zirconium  silicate,  aluminum  oxide,  and  glass  spheres  with 
particle  diameters  ranging  from  5 to  1000  /rm  were  used  in  the  study.  Data  (AL/L)  from  300  to  4 K 
were  presented  as  a function  of  volume  percent  of  filler.  Data  for  all  filler  types  and  particle  sizes  fell 
between  a linear  mixing  dependence  and  a nonlinear  dependence  that  also  accounts  for  the  thermal 
stress  distribution  between  the  spherical  glass  particles  and  resin.  In  these  mixtures,  the  following 
linear  dependence  holds;  (AL/L) {AL/L) ~ \ - Vj-,  where  AL  is  the  change  in  length 
between  295  and  4 K and  Vyis  the  volume  fraction  of  filler.  Average  values  of  the  data  taken  from 
this  study  for  20  and  40  voI%  fillers  are  listed  in  Table  6.1. 

Hartwig  pointed  out  that  most  low-temperature  polymer  properties  are  determined  by  intra- 
chain interactions,  in  contrast  with  the  high-temperature  properties  that  are  affected  by  interchain 
interactions  [6.2].  He  studied  the  effects  of  polymer-chain  cross-link  distance  on  low-temperature 
thermal  expansion.  For  those  studies,  special  resins  (MY990,  Araldite  B,  A6084,  and  A6097)  with  a 
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hexyhydrophthalic  acid,  anhydride  hardener  supplied  by  Ciba-Gigy  were  chosen.  Thermal  contraction 
(from  100  to  15  K)  increased  as  the  cross-link  distance  increased  from  about  1.5  to  10  nm.  At  15  K, 
the  thermal-expansion  coefficient  increased  by  about  a factor  of  3 when  the  cross-link  distance 
changed  from  10  to  1.5  nm. 


6.3  Resins 

Epoxy,  vinyl-ester,  polyester,  and  cyanate-ester  resin  systems  were  studied,  including  the 
DGEBA,  DGEBF,  novolac,  and  cycloaliphatic  type  of  epoxies.  Resin  systems  were  also  chosen  to 
assess  the  effects  of  toughness  and  fillers.  Both  filament  winding  and  pultrusion  systems  were  in- 
cluded. Table  2.1  of  §111.2  summarizes  the  resin  systems  that  were  included  in  this  program. 

6.4  Procedures 

Strain  gages  were  used  to  sense  the  change  of  length  of  neat-resin  specimens  during  cool- 
down to  boiling  liquid-helium  temperature  (4  K)  and  warm-up  to  room  temperature  (293  K).  This 
technique  has  been  previously  described  [6.6-6. 8]  and  used  at  low  temperatures  [6.9]. 

In  our  studies,  strain  gages  were  bonded  to  each  side  of  neat-resin  plate  specimens,  3 mm 
(0.125  in)  thick.  A silicon-diode  temperature  sensor  was  also  bonded  to  one  side  of  each  specimen. 
Temperature  was  controlled  by  positioning  the  specimen  at  various  heights  above  boiling  liquid 
helium,  which  was  in  a long  stainless  steel  Dewar.  Data  were  recorded  during  cool-down  and  warm- 
up. A schematic  of  this  technique  is  shown  in  Figure  6.1. 
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6.4.1  Description  of  Equipment 

The  gages  used  for  these  measurements  were  commercially  available  nickel-chromium-foil 
resistance  gages.  All  the  gages  were  from  the  same  production  lot  and  had  350-Q  resistance  and  a 
3.2-mm  active  gage  length. 

The  adhesive  was  a two-component  epoxy  resin  that  is  commercially  available.  When  properly 
cured,  the  adhesive  is  useful  at  temperatures  ranging  from  4 to  300  K.  The  adhesive  was  cured  at 
328  K (65 °C)  for  2 h under  clamping  pressure. 

The  lead  wires  were  0.255-mm-diameter,  stranded,  silver-plated  copper  with  Teflon  insula- 
tion. Each  gage  was  wired  with  a 2.2-m-long,  braided,  shielded  cable  containing  three  wires.  The 
wires  were  connected  to  the  strain-gage  lead  wires  with  a 63%  Sn-37%  Pb  resin-core  solder. 

The  electronic  equipment  used  to  monitor  the  strain  gages  was  a commercially  available 
multichannel  system  with  constant  bridge  excitation  voltage  and  internal  bridge  completion  circuitry. 
This  system  has  a resolution  specification  of  1 /te. 

Temperature  was  measured  with  a silicon  diode  sensor  and  a commercial  digital  temperature 
controller.  A layer  of  thermally  conductive  grease  was  used  to  ensure  thermal  contact  between  the 
sensor  and  the  specimen.  A thin  layer  of  foam  was  used  to  insulate  the  sensor  from  the  surrounding 
Dewar  environment.  The  sensor  was  placed  on  the  specimen  as  close  to  the  strain  gages  as  possible. 

An  automated  computer  system  was  used  for  data  acquisition.  The  system  consisted  of  a desk- 
top computer  equipped  with  an  IEEE  488  interface  card,  a digital  voltmeter,  and  20-channel  scanner 
in  combination  with  an  IEEE  488  bus.  A computer  code  was  written  to  scan  two  channels  and  also  to 
read  the  temperature  measured  by  the  digital  temperature  controller.  The  program  was  capable  of 
recording  the  data  at  regular  time  intervals  or  at  intermittent  times  selected  by  the  user. 

6.4.2  Methods 

The  strain  gages  were  applied  to  the  specimens  in  the  manner  prescribed  by  the  manufacturer 
for  the  epoxy  adhesive. 

The  gages  were  electrically  connected  to  the  indicator  as  a fourth  bridge  element.  A standard 
three-lead-wire  configuration  was  used  to  desensitize  the  effect  of  lead-wire  resistance.  The  excitation 
voltage  used  for  all  measurements  was  a constant  1 .00  Vdc.  For  these  measurements,  the  room- 
temperature  gage  factor  of  2.05  was  used. 

Single-specimen  tests  were  conducted  by  hanging  the  test  plate  from  a wooden  dowel  that 
could  be  used  to  lower  the  specimen  into  the  test  Dewar.  The  strain  indicators  were  balanced  at  room 
temperature  (295  K)  to  give  a zero  microstrain  read-out  and  zero  analog  output.  The  test  specimen 
was  thermally  cycled  from  room  temperature  (295  K)  to  liquid-helium  temperature  (4  K)  three  times 
before  the  start  of  the  measurements.  After  ensuring  that  all  gages  were  performing  properly  and  that 
the  strain-gage  signal  returned  to  zero  at  295  K,  the  test  was  started.  The  specimen  was  slowly  cooled 
(~  1 h)  from  295  to  76  K by  lowering  it  into  a Dewar  containing  liquid  nitrogen.  Data  were  taken 
during  the  cool-down  with  the  automated  computer  setup  described  previously.  The  specimen  was 
cooled  close  to  liquid-nitrogen  temperature  (76  K)  and  then  immersed  in  the  liquid  to  obtain  the 
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apparent  strain  data  at  76  K.  It  was  cooled  from  76  to  4 K by  slowly  lowering  the  test  plate  into  a 
Dewar  containing  a small  quantity  of  liquid  helium.  The  specimen  was  immersed  in  liquid  helium  at 
atmospheric  pressure  to  obtain  the  lowest  temperature  (4-K)  datum  point.  The  specimen  was  then 
raised  out  of  the  liquid  and  suspended  above  it.  The  system  was  allowed  to  warm  naturally  while  data 
were  recorded  at  regular  time  intervals  of  15  min.  Thus,  the  thermal  output  of  the  strain  gages  was 
monitored  during  cool-down  and  warm-up  of  the  test  plates. 

6.4.3  Calibration 

When  low-temperature  strain  gages  are  mounted  on  a stress-free  specimen  and  the  temperature 
is  changed,  the  output  (defined  as  change  of  resistance  per  unit  strain)  of  the  gages  is  complex  and  not 
linear  with  temperature.  This  temperature-dependent  gage  effect  must  be  accounted  for  when  using 
strain  gages  in  a variable-temperature  environment.  Measured  strains  that  have  not  been  corrected  for 
this  gage  effect  are  commonly  referred  to  as  apparent  strains. 

The  gage  effect  used  in  the  analysis  of  the  following  data  for  thermal  expansion  of  neat  resins 
was  computed  by  comparing  observed  values  to  reference  values  of  strain  for  OFHC  copper  [6.10]. 
Observed  values  (apparent  strain)  are  given  in  Figure  6.2(a);  reference  values  are  given  in  Figure 
2.6(b).  The  computed  gage  effect  is  shown  in  Figure  6.2(c).  Three  independent  tests,  using  three 
different  OFHC  specimens  and  three  different  strain  gages,  were  used  to  determine  the  gage  effect. 

The  contraction  of  a DGEBA/DCH/ARA/ACL  epoxy  resin  was  also  measured  [6.11]  by  using 
the  quartz-tube  dilatometer  technique  [6.12];  the  data  from  both  techniques  are  presented  in  Figure 
6.3(a)  (strain  gage)  and  6.3(b)  (quartz-tube  dilatometer).  Comparisons  of  these  data  suggest  that  the 
strain-gage  method  is  valid  for  determination  of  the  thermal  contraction  of  neat  resins  in  the  cryogenic 
temperature  range. 


TEMPERATURE  (K) 

(a) 

Figure  6.2.  (a)  Output  of  strain  gages  on  OFHC  copper  specimens  (continued  on  next  page). 
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Figure  6.2.  (continued),  (b)  Reference  data  for  thermal  contraction  of  OFHC  copper; 

(c)  computed  gage  effect. 
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Figure  6.3.  Thermal  contraction  of  DGEBA/DCH/ARA/ACL  epoxy  resin  measured  with 
a strain  gage  (a)  and  with  a quartz-tube  dilatometer  (b). 
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6.5  Results 


The  thermal  contraction  data  are  presented  as  the  percent  contraction  on  cooling:  {(/>293k  “ 
Lj-)/L293I^}  X 100.  Here  ^^93^  is  the  length  at  293  K and  Lj  is  the  length  at  temperature  T;  length 
refers  to  the  effective  gage  length  of  the  strain  gages. 

The  epoxy-base  resin  data  are  presented  in  Figures  6.4  through  6.10.  The  percent  contraction 
is  dependent  on  the  type  of  epoxy  system.  The  DGEBA-based  systems  contract  between  0.86  and 
1.15%  on  cooling  to  4 K (Figs.  6.4  and  6.5).  Toughened-epoxy  systems  contract  more  (1.2  and 
1.35%,  Figs.  6.6  and  6.9).  The  tetrafunctional  epoxy  system  (Fig.  6.10)  contracts  much  less 
(0.80%).  The  contraction  of  the  novolak  epoxy  system  (Fig.  6.7)  is  similar  to  the  DGEBA  epoxy 
systems.  Adding  filler  to  an  epoxy-base  system  decreases  the  contraction,  as  is  shown  in  Figure  6.5 
for  a DGEBA-base  system. 

The  thermal  contractions  of  cyanate-ester-based  systems*  are  presented  in  Figures  6. 1 1 through 
6.14.  They  contract  approximately  the  same  as  DGEBA  and  novolac  epoxy  systems  (0.97  to  1.15%). 

The  vinyl-ester  data  are  shown  in  Figures  6.15  through  6.17.  The  unfilled  systems  contract 
more  than  the  epoxy  and  cyanate-ester  systems  (1.25  to  1.30  %,  Figs.  6.15,  6.16).  The  filled  system, 
shown  in  Figure  6.18,  follows  the  same  trend  shown  by  the  filled  epoxy  system  (Fig.  6.5),  contract- 
ing much  less  (1.00%)  than  the  unfilled  systems. 

The  contraction  of  the  polyester-base  system  is  shown  in  Figure  6.18.  The  thermal  contraction 
of  this  system  is  very  similar  to  that  of  the  vinyl  esters. 

Several  of  the  data  sets  shown  in  Figures  6.4  through  6.18  contain  deviations  from  smooth 
and  continuous  behavior,  e.g..  Figures  6.14  and  6.15  in  the  temperature  range  60  to  90  K.  These 
deviations  are  not  of  engineering  significance,  and  their  cause  was  not  determined.  Either  phase 
changes  or  experimental  procedures  could  produce  similar  results. 


* 


See  comments  regarding  cure  schedule  on  page  111-16. 
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Figure  6.4.  Thermal  contraction  of  DGEBA/ARA/ACL  epoxy  resin. 
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Figure  6.5.  Thermal  contraction  of  DGEBA-ST/ARA/ACL/F  epoxy  resin. 
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Figure  6.6.  Thermal  contraction  of  DGEBF/CTBN/AN  epoxy  resin. 


300 


TEMPERATURE  (K) 

Figure  6.7.  Thermal  contraction  of  NV/AN/ACL  epoxy  resin. 
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Figure  6.8.  Thermal  contraction  of  Cyclo. A/AN/ACL  epoxy  resin. 
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Figure  6.9.  Thermal  contraction  of  Cyclo.  A/CTBN/AN/ACL  epoxy  resin. 
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Figure  6.10.  Thermal  contraction  of  MLTF/ARA  epoxy  resin. 
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Figure  6.1 1.  Thermal  contraction  of  CE/VT/Co.AA  cyanate-ester  resin. 
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Figure  6.12.  Thermal  contraction  of  CE  cyanate-ester  resin. 
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Figure  6.13.  Thermal  contraction  of  CE(PT)  cyanate-ester  resin. 
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igure  6.14.  Thermal  contraction  of  CE/HTBN/NPh/Cu.AA  cyanate-ester  resin. 
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Figure  6.15.  Thermal  contraction  of  VE/CHX  vinyl-ester  resin. 
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Figure  6. 16.  Thermal  contraction  of  VE-EL/MEKP  vinyl-ester  resin. 
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Figure  6.17.  Thermal  contraction  of  VE/CHP/F  vinyl-ester  resin. 
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Figure  6.18.  Thermal  contraction  of  PE/MEKP  polyester  resin. 


6.6  Discussion 

This  study  demonstrates  that  the  thermal  contractions  of  different  classes  of  resin  systems  are 
distinct  and  that,  even  within  the  epoxy  class,  wide  differences  may  result  from  variations  in  chemical 
composition,  processing,  or  both.  The  lowest  contraction  on  cooling  to  4 K was  obtained  in  tetra- 
functional  epoxies  and  filled-resin  systems.  The  highest  thermal  contraction  was  found  in  vinyl-ester 
and  polyester  systems.  Toughened-resin  systems  contract  more  than  equivalent  untoughened  systems. 

No  previous  studies  were  conducted  to  measure  the  thermal  contraction  of  these  particular 
resin  systems  at  low  temperatures.  However,  our  data  for  epoxies  range  from  1.1  to  1.2%  contrac- 
tion, in  agreement  with  the  data  from  Table  6.1  of  Hacker  [6.4]  and  Evans  and  Morgan  [6.5].  The 
other  reported  contraction  data  in  Table  6.1  for  unfilled  epoxies  may  be  too  large. 

Since  low-temperature  thermal  contraction  is  dependent  on  cross-link  distance  [6.3],  a corre- 
lation should  exist  between  thermal  contraction  and  the  elastic  or  shear  modulus.  The  data  for  the 
resins  in  this  study  were  assessed  for  a moduli-thermal  contraction  correlation.  We  found  very 
general  correlation  between  an  increase  of  elastic  moduli  with  a decrease  in  contraction  on  cooling. 
Yet,  attempts  to  use  E,  G,  E + 2G,  and  B did  not  yield  a strong  correlation  with  all  resin  systems  or 
individual  groups  of  resin  systems.  (Here  E is  the  Young’s  modulus,  G is  the  shear  modulus,  and  B 
is  the  bulk  modulus.)  However,  filled  systems  have  higher  E and  G values,  in  general,  and  lower 
thermal  contraction.  Tetrafunctional  epoxy-resin  systems  also  have  higher  moduli  and  lower  thermal 
contraction. 
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To  assess  the  residual  stress  in  the  vicinity  of  the  fiber-matrix  interface,  it  is  not  sufficient  to 
compare  the  thermal  contraction  of  the  resin  system  with  that  of  the  E-glass  reinforcement.  Shrinkage 
due  to  resin  cure  while  in  solid  form  must  also  be  included.  The  studies  reported  in  the  section  on 
residual  stress  (§V.4)  address  the  relative  cure  shrinkage  of  the  resins  in  this  study. 

The  strain-gage  measurement  technique  has  proven  to  yield  reproducible  data.  It  should  be 
considered  for  other  studies  to  obtain  thermal-contraction  data  for  use  in  engineering  applications. 
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The  thermal  conductivities  of  five  neat  resins  were  determined  from  4.6  to 
290  K.  The  conductivities  of  three  different  types  of  epoxies,  one  vinyl-ester  resin, 
and  one  polyester  resin  were  measured.  All  the  neat  resins  had  similar  thermal  con- 
ductivities at  4 K;  however,  one  epoxy  had  a much  higher  conductivity  at  room  tem- 
perature than  all  the  other  materials. 


7.1  Introduction 

The  Superconducting  Magnetic  Energy  Storage  (SMES)  system  will  employ  polymer  compos- 
ite tubes  that  must  provide  thermal  isolation  as  well  as  mechanical  support.  Many  polymeric  resins 
are  capable  of  being  utilized  as  the  matrix  in  a composite,  but  very  few  have  been  studied  for  possible 
applications  at  cryogenic  temperatures. 

7.2  Review  of  Literature 

For  many  of  the  resins  in  this  program,  little  or  no  experimental  data  were  available  at  cryo- 
genic temperatures.  An  examination  of  some  previous  thermal  conductivity  studies  on  neat  resins 
relevant  to  this  study  revealed  some  interesting  information.  Unfortunately,  very  little  material  char- 
acterization accompanied  the  available  data.  The  effects  of  possible  material  variations  cause  the 
comparison  of  neat-resin  data  to  be  rather  qualitative. 

Hust  measured  the  thermal  conductivities  of  the  neat  epoxies  that  are  used  in  G-IOCR  and 
G-llCR.  He  used  the  same  measurment  apparatus  (described  in  §111.7.4.1)  before  automation  and 
reported  that  the  results  were  virtually  the  same  for  the  two  epoxies  [7. 1].  The  epoxies  used  in 
G-IOCR  and  G-llCR  generally  were  a diglycidyl  ether  of  bisphenol-A  epoxy  (DGEBA),  but  the 
chemical  composition  and  hardener  used  for  these  specimens  were  not  noted. 

Nicholls  and  Rosenberg  measured  the  thermal  conductivity  (from  4 to  80  K)  of  the  neat  epoxy 
Araldite  MY  750*  [7.2].  Various  diamine  hardeners  were  used  to  cure  the  epoxy,  and  the  speci- 
mens were  heat-treated.  These  data  appear  to  be  about  40%  higher  at  4 K than  data  from  an  earlier 
report  on  the  same  neat  epoxy;  Rosenberg  had  previously  measured  the  conductivity  of  the  same  base 


The  epoxy  Araldite  MY  750  is  a registered  trademark  for  a proprietary  epoxy.  This  product,  as  well  as  other 
products  named  in  this  report  are  identified  only  for  better  material  characterization;  endorsement  of  these 
products  or  their  manufacturers  by  NIST  or  by  the  U.S  government  is  neither  intended  nor  implied. 
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report  on  the  same  neat  epoxy;  Rosenberg  had  previously  measured  the  conductivity  of  the  same  base 
resin,  Araldite  MY  750,  with  various  types  of  particle  fillers  over  the  temperature  range  4 to  295  K 
[7.3].  Possible  reasons  for  these  variations  between  the  two  studies  were  not  discussed. 

Evans  and  Morgan  reported  the  thermal  conductivity  of  an  unspecified  neat  epoxy  at  low 
temperatures  [7.4].  In  this  article,  they  discussed  a variety  of  materials  involved  in  the  fabrica- 
tion of  a cryogenic  Dewar  and  specifics  about  the  neat  epoxy  material,  but  the  sources  of  the 
measurements  were  not  discussed. 

In  another  study,  the  thermal  conductivity  of  polyimide  material  poly  pyro  mellitimide  (PPMI) 
was  measured  with  the  same  apparatus  as  that  used  in  this  study  [7.5].  The  PPMI  material  was  a 
thin  film,  commonly  known  as  Kapton.  However,  the  results  compared  favorably  to  the  known  data 
on  the  similar  (bulk)  castable  material  [7.6,  7.7]. 


7.3  Description  of  Specimens 

Tests  were  performed  on  five  different  neat  polymers.  This  study  included  three  different 
types  of  epoxies:  two  of  the  epoxies  were  a diglycidyl  ether  of  bisphenol-A  epoxy  (DGEBA)  mixture, 
and  one  was  a diglycidyl  ether  of  bisphenol-F  epoxy  (DGEBF)  mixture.  The  study  also  included  a 
commonly  used  polyester  and  a vinyl-ester  resin.  The  polymers  were  made  according  to  the  manu- 
facturers’ specifications.  The  specimens  and  nomenclature  used  in  this  section  are  identified  in 
Table  7.1. 

The  five  specimens  in  this  study  were  fabricated  by  cutting  several  small  sections  from  the 
manufactured  plate,  then  cementing  the  sections  together  with  a very  thin  layer  of  cyanoacrylate 
adhesive,  and  finally,  cutting  the  specimen  with  a diamond  saw  to  the  sizes  listed  in  Table  7.2.  All 
dimensions  were  obtained  as  an  average  of  eight  measurements;  they  are  accurate  to  ± 12  /im 
(+0.0005  in). 


Table  7.1.  Specimen  identification. 


Type  and  Specimen 
Identification 

Designation 

Components 

Epoxies:  Resin  B 

DGEBA/DCH/ARA/ACL 

DGEBA  epoxy,  armomatic  amine  cure, 
H41  + other,  catalyst 

Resin  E 

DGEBF/CTBN/AN 

DGEBF  epoxy,  anhydride  cure, 
catalyst,  CTBN  toughener 

Resin  L 

DGEBA-ST/ARA/ACL/F 

DGEBA  epoxy,  styrene  modified, 
aromatic  amine  cure,  accelerator,  filler 

Polyester:  Resin  P 

PE/MEKP 

polyester,  MEKP  (peroxide) 

Vinyl  ester:  Resin  C 

VE-EL/MEKP 

vinyl  ester,  MEKP  (peroxide) 
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Table  7.2.  Physical  characteristics  of  the  specimens. 


Specimen 

Identification 

Length 

(cm) 

Area 

(cm2) 

Resin  B 

6.19 

171.0 

Resin  E 

6.19 

182.0 

Resin  L 

6.13 

177.0 

Resin  P 

6.50 

174.4 

Resin  C 

6.43 

172.9 

7.4  Procedure 

7.4.1  Description  of  the  Apparatus 

To  measure  thermal  conductivity,  we  used  an  unguarded,  "fixed-point"  apparatus  [7.8] 
that  is  based  on  a method  of  axial  one-dimensional  heat  flow.  Some  modifications  have  been  made 
since  the  original  description  was  published.  The  specimen  chamber  is  shown  schematically  in  Fig- 
ure 7.1.  A specimen  of  known  length  and  cross-sectional  area  is  compressed  between  two  isothermal 
copper  blocks.  Three  stainless-steel  bolts  clamp  the  specimen  between  the  two  copper  blocks;  the  flow 
of  heat  bypassing  the  specimen  through  the  bolts  is  known  and  well-characterized  from  previous  cali- 
bration runs. 

The  upper,  cooled,  isothermal  block  is  anchored  to  the  top  of  the  specimen  chamber,  which  is 
usually  immersed  in  one  of  four  constant-temperature  (fixed-point)  baths.  This  upper  block  determines 
the  cold-side  temperature  of  the  specimen.  The  nominal  temperatures  of  these  fixed-point  baths  are: 

4 K (liquid  helium),  76  K (liquid  nitrogen),  194  K (a  mixture  of  dry  ice  and  alcohol),  or  273  K (a 
mixture  of  pure  ice  and  water). 

The  temperature  of  the  lower,  heated  block  is  fixed  by  controlling  the  electric  power  supplied 
to  its  attached  heater.  This  determines  the  hot-side  temperature  of  the  specimen  and  establishes  a fixed 
temperature  difference  across  the  specimen.  Total  power  supplied  to  the  hot  block  is  determined  from 
measurements  of  the  voltage  and  current  to  its  resistive  heating  element.  Heat  flowing  through  the 
specimen  is  computed  by  subtracting  the  calibrated  heat  flow  through  the  compression  bolts  from  the 
total  power. 

Type  AuFe-NiCr  thermocouples  are  used  to  determine  the  cold-block  temperature  and  the 
difference  in  temperature  between  the  hot  and  cold  blocks.  The  temperature  differences  established 
between  the  hot  and  cold  blocks  can  be  as  much  as  64  K.  These  adjustable  temperature  differences 
enable  different  mean  temperatures  to  be  established  within  the  specimen. 

Each  specimen  was  clamped  between  the  copper  blocks  by  tightening  the  stainless  steel  bolts 
to  1.4  N*m  (12  in ‘lb)  of  torque,  applied  at  room  temperature.  This  resulted  in  a compressive  pres- 
sure on  the  specimen  of  approximately  27  MPa  (3.9  kpsi).  The  change  in  this  load  resulting  from  the 
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Figure  7.1.  Specimen  chamber  for  fixed-point  compression  probe. 


cooling  of  a specimen  to  cryogenic  temperatures,  while  not  accurately  known,  is  believed  to  be  rela- 
tively small  and  did  not  affect  the  measurements  of  conductivity  reported  here. 

This  compressive  pressure  of  27  MPa  (3.9  kpsi)  approached  the  compressive  strength  of  the 
neat-resin  specimens.  Two  specimens  deformed  permanently  when  compressed  in  the  apparatus  under 
a slightly  larger  load.  The  thermal  conductivities  of  these  damaged  specimens  were  not  measured. 


7.4.2  Experimental  Procedure 

Steady-state  measurements  of  conductivity  were  made  with  the  specimen  in  a vacuum  environ- 
ment of  8 X 10"^  Pa  (6  X 10"^  torr)  and  with  the  specimen  chamber  in  one  of  the  fixed-point  baths 
described  earlier.  A 76-/im  (0.003-in)  indium  foil  and  thermally  conductive  grease  were  applied  to  the 
two  contact  surfaces  between  the  specimen  and  the  apparatus.  The  grease  was  used  as  a lubricant  to 
prevent  the  indium  foil  from  "cold  welding"  to  the  specimen  and  apparatus. 
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Experience  with  this  apparatus  indicates  that  the  use  of  indium-grease  contacts  coupled  with 
enough  contact  pressure  is  sufficient  to  eliminate  significant  thermal-contact  resistance.  After  the 
specimen  was  compressed  in  the  apparatus,  excess  grease  and  indium  were  removed. 


7.4.3  Computation  of  Thermal  Conductivity 

From  the  power  through  the  specimen,  specimen  length  (f),  cross-sectional  area  (A), 

and  temperature  difference  (aT)  across  the  specimen,  the  mean  thermal  conductivity  (X)  can  be  cal- 
culated from  the  one-dimensional  approximation  of  Fourier’s  law: 


Qspec  = -\'A-(dT/dx),  (7.1) 

recast  into  the  approximate  form 

X = (Q,^JAT)-{ilA).  (1.2) 

Here,  the  ratio  (ATK)  approximates  the  derivative  dT/dx  in  Equation  (7.1),  and  the  conductivity  ob- 
tained is  the  value  averaged  over  the  range  of  temperature  defined  by  the  temperature  difference  AT 
across  the  specimen. 


7.4.4  Accuracy  and  Reproducibility  of  Measurements 

The  uncertainty  associated  with  the  original  apparatus  was  + 10%  [7.1].  After  some  modi- 
fications to  the  apparatus  and  automating  the  system,  tests  on  a stainless  steel  standard  reference 
material  (SRM  735)  indicated  an  overall  system  uncertainty  of  +5%  (when  measuring  specimens 
having  a conductivity  similar  to  that  of  stainless  steel).  The  conductivities  of  the  stainless  steel  SRM 
are  0.352  W/(m-K)  at  4 K,  8.16  W/(m-K)  at  77  K,  12.01  W/(m-K)  at  192  K,  and  13.79  W/(m-K) 
at  273  K.  TTie  low  conductivities  of  the  polymer  specimens  cause  a significant  fraction  of  the  total 
heat  flow  to  go  through  the  compression  bolts,  increasing  the  uncertainty  of  the  results  presented  here 
to  an  estimated  +10%. 


7.5  Results 

The  thermal  conductivities  of  the  neat  resins  were  measured  over  the  temperature  range  4.6 
to  290  K.  The  experimental  conductivity  data  obtained  for  the  Resin  B specimen  is  given  in  Table  7.3 
and  Figure  7.2;  the  relative  (percent)  deviations  of  the  data  points  from  the  appropriate  fitted  curve 
are  shown  in  Figure  7.3.  Likewise,  the  thermal  conductivity  data  for  the  other  four  neat-resin  systems 
are  presented  in  Tables  7.4  through  7.7  and  Figures  7.4  through  7.11.  As  is  conventional,  all  con- 
ductivity data  in  the  figures  are  plotted  as  a function  of  the  (arithmetic)  mean  temperature  of  the 
specimen. 
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Table  7.3.  Experimental  conductivity  as  a function  of  temperature 
for  the  neat-resin  specimen  Resin  B. 


Temperature 

Difference 

(AK) 

Average 

Temperature 

(K) 

Thermal 

Conductivity 

[W/(m-K)] 

Cold 

Bath 

1 

4.649 

0.065 

LHe 

2 

5.170 

0.065 

4 

6.234 

0.066 

8 

8.352 

0.069 

16 

12.640 

0.075 

32 

21.365 

0.089 

64 

39.636 

0.116 

1 

76.534 

0.151 

LNo 

1.9 

76.974 

0.147 

2.2 

77.118 

0.153 

3.9 

78.007 

0.148 

8 

80.153 

0.151 

15.7 

84.147 

0.152 

32 

92.650 

0.157 

64 

109.48 

0.165 

2 

193.11 

0.231 

C02-alcohol 

4.1 

194.22 

0.217 

8.2 

196.47 

0.209 

16 

200.65 

0.195 

32 

209.37 

0.191 

47.7 

218.03 

0.191 

48 

218.16 

0.188 

61.7 

225.72 

0.181 

64 

227.02 

0.186 

64 

227.04 

0.188 

1 

273.70 

0.182 

Ice-water 

2 

274.23 

0.183 

4 

275.36 

0.183 

8 

277.54 

0.181 

16 

281.92 

0.176 

32 

290.76 

0.173 

64 

308.72 

0.169 
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Figure  7.2.  Thermal  conductivity  of  the  neat-resin  specimen  Resin  B. 
Experimental  data  are  presented  as  discrete  points. 
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Figure  7.3.  Relative  deviations  of  the  experimental  and  calculated 

thermal  conductivity  for  the  neat-resin  specimen  Resin  B. 
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Table  7.4.  Experimental  conductivity  as  a function  of  temperature 
for  the  neat-resin  specimen  Resin  E. 


Temperature 

Difference 

(AK) 

Average 

Temperature 

(K) 

Thermal 
Conductivity 
[W/(m  • K)] 

Cold 

Bath 

1 

4.638 

0.043 

LHe 

2 

5.156 

0.042 

4 

6.204 

0.043 

8 

8.299 

0.046 

16 

12.561 

0.055 

32 

21.291 

0.073 

63.3 

38.541 

0.098 

0.9 

76.485 

0.132 

LN2 

2 

77.032 

0.135 

4 

78.091 

0.136 

7.9 

80.082 

0.135 

15.9 

84.274 

0.142 

16 

84.316 

0.138 

24 

88.463 

0.139 

32 

92.637 

0.142 

32 

92.650 

0.147 

48 

101.00 

0.145 

64 

109.39 

0.150 

4 

194.14 

0.192 

C02-alcohol 

7.9 

196.29 

0.190 

16 

200.67 

0.189 

24 

205.02 

0.188 

32 

209.39 

0.187 

48 

218.19 

0.185 

64 

227.06 

0.181 

1 

273.69 

0.189 

Ice-water 

1 

273.71 

0.194 

2 

274.26 

0.190 

4 

275.34 

0.188 

8 

277.51 

0.186 

8 

277.54 

0.190 

16 

281.92 

0.187 

16 

281.94 

0.188 

24 

286.37 

0.187 

24 

286.52 

0.187 
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Figure  7.4.  Thermal  conductivity  of  the  neat-resin  specimen  Resin  E. 
Experimental  data  are  presented  as  discrete  points. 
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Figure  7.5.  Relative  deviations  of  the  experimental  and  calculated 

thermal  conductivity  for  the  neat-resin  specimen  Resin  E. 
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Table  7.5.  Experimental  conductivity  as  a function  of  temperature 
for  the  neat-resin  specimen  Resin  L. 


Temperature 

Difference 

(AK) 

Average 

Temperature 

(K) 

Thermal 
Conductivity 
[W/(m  • K)] 

Cold 

Bath 

1 

4.638 

0.045 

LHe 

2 

5.159 

0.047 

4 

6.211 

0.052 

8 

8.331 

0.061 

16 

12.701 

0.079 

32.1 

21.701 

0.112 

48.6 

31.040 

0.142 

62.5 

38.916 

0.161 

1 

76.517 

0.233 

LN2 

1 

76.525 

0.229 

2 

77.016 

0.225 

2 

77.037 

0.231 

3.9 

78.073 

0.233 

4 

78.130 

0.229 

7.9 

80.162 

0.23 

8 

80.215 

0.236 

8 

80.226 

0.233 

16 

84.408 

0.233 

16 

84.414 

0.234 

24 

88.646 

0.249 

24 

88.646 

0.243 

31.9 

92.866 

0.241 

32 

92.866 

0.245 

32 

92.898 

0.254 

48 

101.35 

0.247 

48 

101.37 

0.254 

48 

101.41 

0.262 

64 

109.91 

0.261 

64 

109.93 

0.266 

64 

109.95 

0.27 

4.1 

194.26 

0.32 

C02-alcohol 

16 

200.84 

0.318 

24 

205.29 

0.318 

32 

209.76 

0.32 

48 

218.75 

0.318 

64 

227.79 

0.313 

64 

227.81 

0.314 

2 

274.27 

0.333 

Ice-water 

4 

275.39 

0.333 

8 

277.61 

0.329 

16 

282.09 

0.331 

24 

286.60 

0.334 
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Figure  7.6.  Thermal  conductivity  of  the  neat-resin  specimen  Resin  L. 
Experimental  data  are  presented  as  discrete  points. 
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Figure  7.7.  Relative  deviations  of  the  experimental  and  calculated 

thermal  conductivity  for  the  neat-resin  specimen  Resin  L. 
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Table  7.6.  Experimental  conductivity  as  a function  of  temperature 
for  the  neat-resin  specimen  Resin  P. 


Temperature 

Difference 

(AK) 

Average 

Temperature 

(K) 

Thermal 
Conductivity 
[W/(m  • K)] 

Cold 

Bath 

1 

4.632 

0.030 

LHe 

2 

5.146 

0.030 

4 

6.174 

0.031 

8 

8.254 

0.035 

16 

12.477 

0.045 

24 

16.786 

0.055 

32 

21.145 

0.064 

32 

21.143 

0.064 

64.1 

38.852 

0.094 

2 

77.072 

0.138 

LN2 

4 

78.060 

0.137 

7.9 

80.082 

0.136 

16 

84.265 

0.138 

32 

92.604 

0.142 

48 

100.95 

0.145 

64 

109.32 

0.148 

3.9 

194.13 

0.199 

C02-alcohol 

7.9 

196.27 

0.193 

16 

200.63 

0.193 

32 

209.35 

0.195 

48 

218.12 

0.190 

64 

226.96 

0.185 

1 

273.68 

0.204 

Ice- water 

2 

274.23 

0.200 

4 

275.36 

0.199 

8 

277.53 

0.198 

8 

277.54 

0.196 

16 

281.93 

0.196 

24 

286.34 

0.195 
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Figure  7.8.  Thermal  conductivity  of  the  neat-resin  specimen  Resin  P. 
Experimental  data  are  presented  as  discrete  points. 
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Figure  7.9.  Relative  deviations  of  the  experimental  and  calculated 

thermal  conductivity  for  the  neat-resin  specimen  Resin  P. 


Table  1 .1 . Experimental  conductivity  as  a function  of  temperature 
for  the  neat-resin  specimen  Resin  C. 


Temperature 

Difference 

(AK) 

Average 

Temperature 

(K) 

Thermal 
Conductivity 
[W/(m  • K)] 

Cold 

Bath 

1 

4.637 

0.042 

LHe 

2 

5.154 

0.042 

4 

6.190 

0.043 

8 

8.288 

0.047 

16 

12.550 

0.056 

31.6 

21.039 

0.074 

64.6 

39.232 

0.103 

2 

77.041 

0.139 

LN2 

4 

78.114 

0.140 

8 

80.143 

0.141 

16 

84.287 

0.143 

32 

92.618 

0.147 

48 

100.98 

0.152 

64 

109.36 

0.155 

1 

192.55 

0.193 

C02-alcohol 

2 

193.12 

0.199 

4 

194.15 

0.195 

7.9 

196.28 

0.193 

16 

200.64 

0.192 

16 

200.63 

0.192 

32 

209.35 

0.190 

48 

218.15 

0.191 

2 

274.27 

0.197 

Ice-water 

4 

275.33 

0.195 

16 

281.93 

0.194 

24 

286.35 

0.195 

Thermal  Conductivity,  [W/(m.K)] 


Figure  7.10.  Thermal  conductivity  of  the  neat-resin  specimen  Resin  C. 
Experimental  data  are  presented  as  discrete  points. 


Temperature,  [K] 

Figure  7.1 1.  Relative  deviations  of  the  experimental  and  calculated 

thermal  conductivity  for  the  neat-resin  specimen  Resin  C. 
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The  function  chosen  to  fit  the  thermal  conductivity  data  for  each  of  the  five  neat-resin 
specimens  is  of  the  form 


X(Tj  = ^1  ^3  + ^5  {inrrip 

1 + 02  \n(T)  4-  ^4  {\n(T)}^ 

The  coefficients  in  this  equation  for  the  conductivity  of  the  five  neat-resin  specimens  are  listed  in 
Table  7.8. 

Table  7.8.  Coefficients  of  \(T)  in  Equation  7.3  for  the  five  neat-resin  specimens. 


Resin  B 

Resin  E 

Resin  L 

Resin  P 

Resin  C 

1 

0.05557 

0.03190 

0.01446 

0.01470 

0.02992 

2 

-0.35843 

-0.33762 

-0.30000 

-0.31759 

-0.33241 

3 

-0.01643 

-0.00739 

0.00800 

0.00093 

-0.00592 

4 

0.03410 

0.03212 

0.02676 

0.02857 

0.03143 

5 

0.00152 

0.00100 

-0.00020 

0.00011 

0.00087 

7.6  Discussion 

The  conductivities  of  the  five  neat-resin  specimens  are  compared  in  Figures  7.12  and  7.13. 
The  polyester  material  had  the  lowest  conductivity  at  4 K;  it  was  53%  lower  than  the  thermal 
conductivity  of  the  DGEBA  neat-resin  specimen  at  that  temperature.  At  room  temperature,  the 
thermal  conductivity  of  Resin  L was  40  to  50%  higher  than  the  conductivities  of  the  other  four  neat- 
resin  specimens.  As  is  noted  in  Table  7.1,  Resin  L contained  an  unknown  filler.  Inclusion  of  a filler 
affects  the  observed  conductivity;  the  extent  depends  on  the  type  and  amount  of  filler.  This  unknown 
filler  had  little  effect  on  the  conductivity  at  4 K,  but  it  is  likely  to  be  the  cause  for  the  higher  con- 
ductivity at  room  temperature. 

Figures  7.14  and  7.15  include  the  thermal-conductivity  results  from  other  studies.  Previous 
measurements  on  DGEBA  resin  by  Must  [7.1]  compare  very  well  to  measurements  of  the  same  type 
of  resin  in  this  study  (Resin  B)  at  4 K,  but  they  diverge  above  15  K.  This  divergence  may  be  due  to 
added  fillers,  but  the  exact  chemical  composition  of  the  resin  tested  was  not  known.  Rosenberg’s 
results  on  another  DGEBA  resin  [7.3]  also  compare  fairly  well  to  Resin  B.  The  results  of  Resin  B 
also  closely  match  the  undefined  epoxy  that  was  noted  by  Evans  and  Morgan  [7.4].  Also  shown  in  the 
figures  are  the  two  specimens  that  had  the  maximum  and  minimum  conductivity  in  a study  to  deter- 
mine the  effects  of  using  various  diamine  hardeners  in  the  DGEBA  epoxy  Araldite  MY  750  [7.2]. 
Both  of  these  curves  show  a higher  conductivity  than  that  of  Resin  B in  this  study. 

The  polyester  resin  (Resin  P)  measured  in  this  study  had  the  lowest  conductivity  at  4 K.  This 
compares  closely  to  one  neat-polyimide  specimen  (Type  H)  previously  reported  but  quite  different 
from  another  neat  specimen  (Type  HN)  [7.5],  The  two  neat-polyimide  specimens  were  manufactured 
differently,  but  the  details  of  their  manufacture  are  proprietary. 
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Thermal  Conductivity,  [W/(m.K)] 


Temperature,  [K] 

Figure  7.12.  Thermal  conductivity  of  the  five  neat-resin  specimens  measured  in  this  study. 

Experimental  data  are  presented  as  discrete  points.  The  temperature  scale  is  logarithmic, 
which  clarifies  the  behavior  at  low  temperatures. 
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Thermal  Conductivity,  [W/(m.K)] 


Temperature,  [K] 

Figure  7.13  Thermal  conductivity  of  the  five  neat-resin  specimens  measured  in  this  study. 

Experimental  data  are  presented  as  discrete  points.  The  temperature  scale  is  linear, 
which  clarifies  the  behavior  at  high  temperatures. 
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Thermal  Conductivity,  [W/(m.K)] 


Figure  7.14  Thermal  conductivity  of  the  neat-resins  measured  in  this  study.  Conductivity  data  for 
four  other  epoxies  (7. 1-7.4]  and  one  polyimide  [7.5]  are  also  given  for  comparison. 
The  temperature  scale  is  logarithmic,  which  clarifies  the  behavior  at  low  temperatures. 
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Thermal  Conductivity,  [W/(m.K)] 


Figure  7.15  Thermal  conductivity  of  the  neat-resins  measured  in  this  study.  Conductivity  data  for 
four  other  epoxies  (7. 1-7.4]  and  one  polyimide  [7.5]  are  also  given  for  comparison. 
The  temperature  scale  is  linear,  which  clarifies  the  behavior  at  high  temperatures. 
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8.  Thermal  Cycling 


R.P.  Walsh 
R.P.  Reed* 

National  Institute  of  Standards  and  Technology 
Boulder,  Colorado 

*Cryogenics  Materials,  Inc. 

Boulder,  Colorado 


All  neat  resins  were  cycled  within  the  temperature  range  295  to  76  K. 

The  cooling  was  accomplished  by  rapid  immersion  in  liquid  nitrogen;  the 
warming,  by  holding  in  air  at  ambient  temperature.  The  thermal  cycles  were 
repeated  10  times.  Specimens  with  rough  edges  and  specimens  with  smooth 
edges  were  used. 

None  of  the  specimens  with  smooth  edges  cracked  from  thermal  cyc- 
ling. When  specimens  with  rough  edges  were  used,  ten  different  types  of  neat 
resins  cracked:  four  epoxies,  three  cyanate  esters,  two  vinyl  esters,  and  the 
polyester. 

These  tests  were  not  considered  to  be  sufficiently  definitive  to  provide 
guidance  for  selection  of  resins  for  glass-fiber-reinforced  composites  that  are  to 
be  used  in  cryogenic  structures. 

8.1  Introduction 

Many  resin-selection  programs  for  cryogenic  applications  have  included  thermal- 
cycling  tests.  Simple  thermal-cycling  procedures  and  specimen  configurations  were  used  in 
this  program  to  assess  the  effect  of  cycling  neat  resins  between  room  and  liquid-nitrogen 
temperature. 


8.2  Materials 

The  materials  included  in  this  study  have  been  discussed  in  §111.3  of  this  report. 

8.3  Procedures 

Tensile  specimens  were  used  for  the  thermal -cycling  tests.  The  cool-down  to  76  K 
was  accomplished  by  using  a cage  that  contained  three  specimens.  The  cage  was  quickly  low- 
ered into  liquid  nitrogen  boiling  at  atmospheric  pressure.  The  warm-up  from  76  K to  room 
temperature  took  about  10  min,  since  the  specimens  were  simply  allowed  to  warm  in  still, 
ambient-temperature  air. 


III-122 


8.4  Results 


The  response  of  neat  resins  to  10  thermal  cycles  between  295  and  76  K is  summarized 
in  Table  8.1.  Specimens  that  had  only  smooth  (machined)  edges  did  not  crack  during  cycling. 
Specimens  that  had  a rough  edge  (previously  tested  tensile  specimens  that  contained  a fracture 
surface)  sometimes  cracked  during  cycling.  All  cracking  occurred  during  cool-down.  As  Table 
8.1  indicates,  the  specimens  that  cracked  included  four  epoxies,  three  cyanate  esters,  two  vinyl 
esters,  and  the  polyester.  A few  specimens  exhibited  extensive  cracking;  one  epoxy,  one  cya- 
nate ester,  and  one  vinyl  ester. 


Table  8.1.  Results  of  thermal-cycling  tests  (295  to  76  K;  10  cycles). 


Resin  Type 

Specimens  with 

Rough  Edges 

Specimens  with 

Smooth  Edges 

No  Cracks 

Cracking 

No  Cracks  Cracking 

NV/AN/ACL 

0 

0 

DGEBA/DCH/ARA/ACL 

0 

0 

VE-EL/MEKP 

0 

0 

DGEBA/ALA/ACL 

X 

0 

DGEBA/CTBN/AN 

X 

0 

Cyclo.A/CTBN/AN/ACL 

XX 

0 

CE/VT/Co.AA 

X 

0 

CT/HTBN/NPh/Cu.AA 

0 

0 

Cyclo.A/AN/ACL 

X 

0 

MLTF/ARA 

X 

0 

DGEBA-ST/ARA/ACL/F 

0 

0 

VE/CHX 

0 

0 

VE/CHP/F 

X 

0 

VE/CHP/CoNap/2,4-P 

XX 

0 

PE/MEKP 

X 

0 

CE 

0 

0 

CE/HTBN/NPh/Cu.AA 

XX 

0 

X - Small  cracks 

XX  - Extensive  cracking 
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8.5  Discussion 


There  appears  to  be  no  correlation  of  the  tendency  to  crack  during  thermal  cycles  and 
resin  composition  (§111.3),  thermal  contraction  (§111.6),  or  thermal  conductivity  (§111.7).  There- 
fore, perhaps  the  local  intensity  of  residual  stresses  from  the  tensile  failure  led  to  cracking  dur- 
ing the  thermal  cycling  of  individual  specimens.  For  this  reason,  we  chose  not  to  use  these  data 
to  assist  in  screening  resin  candidates.  However,  in  defense  of  these  results,  the  neat  resins  that 
were  the  most  difficult  to  grip  in  the  low-temperature  tensile  tests  (CE/HTBN/NPh/Cu.AA  and 
MLTF/ARA)  were  the  ones  that  cracked  during  these  thermal-cycling  tests. 


9.  Density  and  Hardness 


R.P.  Reed* 

J.D.  McColskey 
J.B.  Darr^ 

National  Institute  of  Standards  and  Technology 
Boulder,  Colorado 

*Cryogenics  Materials,  Inc. 

Boulder,  Colorado 

^Composite  Technology  Development,  Inc. 
Boulder,  Colorado 


9.1  Introduction 

The  characterization  of  the  resin  systems,  which  are  described  in  Table  2.1  of  §111.2,  included 
measurement  of  their  density  and  hardness.  The  materials  are  referred  to  by  the  nomenclature  defined  in 
Table  2.2  of  §ni.2. 

9.2  Hardness 

The  materials  tested  were  manufactured  approximately  nine  months  before  these  measurements 
were  made.  For  two  weeks  prior  to  testing,  the  materials  were  conditioned  at  22 °C  and  approximately 
50%  relative  humidity.  The  test  temperature  at  the  time  of  test  was  22°C. 

The  indentation  hardness  of  the  neat  resins  was  determined  according  to  ASTM  Standard  Test 
Method  D2583-81  [9.1].  Nine  readings  were  made  on  each  sample;  the  averaged  results  are  reported  in 
Table  9.1. 

The  largest  hardness  values  were  found  in  those  resin  systems  that  had  fillers,  were  multifunc- 
tional, or,  in  the  case  of  CE(PT),  contained  phenolic  triazine.  Surprisingly,  the  DGEBF/CTBN/AN 
epoxy-resin  system  was  very  soft.  Correlations  between  hardness,  density,  and  other  properties  are  pre- 
sented and  discussed  in  §111.10. 

9.3  Density 

The  density  of  the  neat  resins  was  measured  by  using  a Messier  balance  and  the  Archimedes 
method.  In  the  method,  a neat-resin  specimen  of  known  weight  in  air  (W^)  was  immersed  in  an  ethanol 
solution  and  weighed  (B^etoh)-  From  knowledge  of  the  ethanol  density  (Petoh)  measured 
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Table  9.1  Resin  hardness. 


Type  of  Resin 

Average 

Barcol  Hardness 

Epoxies: 

DGEBA/DCH/ARA/ACL 

34 

DGEBA/ALA/ACL 

30 

DGEBA-ST/ARA/ACL/F 

49 

DGEBF/CTBN/AN 

15 

NV/AN/ACL 

40 

Cyclo.A/CTBN/AN/ACL 

43 

Cyclo.A/AN/ACL 

45 

MLTF/ARA 

52 

Cyanate  Esters: 

CE/VT/Co.AA 

41 

CE 

40 

CE(PT)* 

57 

CE/HTBN/NPh/Cu.AA 

42 

Vinyl  Esters: 

VE/CHX 

31 

VE-EL/MEKP 

35 

VE/CHP/F 

49-55 

VE/CHP/CoNap/2,4-P 

45 

Polyesters: 

PE/MEKP 

45 

*See  comments  regarding  cure  schedule  on  page  III- 16. 


laboratory  temperature  and  knowledge  of  the  volume  of  the  container,  the  density  of  the  neat  resin 
(^sample)  Calculated  from  the  equations 

'^sample  = PETOH/(^air  ” ^ETOh)  (^-1) 

and 

^sample  ~ ^air^^sample'  (^-2) 


This  procedure  is  specified  in  ASTM  Standard  D3800-81  [9.2].  In  Table  9.2,  individual  specimen 
measurements  and  calculated  average  densities  for  each  resin  system  are  summarized.  Standard  devia- 
tions (S.D.)  and  coefficients  of  variation  (C.V.)  are  also  included  in  this  table. 

From  this  study  of  the  resin  systems,  there  were  no  clear  distinctions  among  their  densities 
at  room  temperature.  Filled  and  multifunctional  systems  had  higher  densities  than  the  other  systems. 
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The  average  densities  of  the  other  epoxy-based  resins  ranged  from  1.143  to  1.229  g/cm^;  of  cyanate 
esters,  from  1.143  to  1.186  g/cm^;  and  of  vinyl  esters  and  polyester,  from  1.116  to  1.246  g/cm^. 


Table  9.2.  Density  of  neat-resin  systems. 


Material 

Ethanol 

Temp. 

(°C) 

Ethanol 

Density 

(g/cm^) 

Specimen 
Weight 
(in  air) 

(g) 

Specimen 

Weight 

(immersed) 

(g) 

Density 

(g/cm^) 

Average 

Density 

(g/cm^) 

S.D. 

(g/cm^) 

C.V. 

(%) 

DGEBF/CTBN/AN 

n 

18.8 

0.79046 

0.2676 

0.0935 

1.215 

1.215 

0.002 

0.18 

#2 

18.9 

0.79037 

0.2992 

0.1050 

1.218 

#3 

18.9 

0.79037 

0.3285 

0.1145 

1.213 

NV/AN/ACL 

#1 

19.0 

0.79029 

0.2666 

0.0944 

1.224 

1.229 

0.006 

0.46 

#2 

18.9 

0.79037 

0.3027 

0.1080 

1.229 

#3 

19.0 

0.79029 

0.2856 

0.1028 

1.235 

MLTF/ARA/TGH 

#1 

19.1 

0.79021 

0.3398 

0.1353 

1.313 

1.318 

0.006 

0.46 

#2 

19.1 

0.79021 

0.3226 

0.1302 

1.325 

#3 

19.1 

0.79021 

0.3401 

0.1360 

1.317 

VE/CHX 

n\ 

19.2 

0.79012 

0.2911 

0.0891 

1.139 

1.134 

0.005 

0.40 

Wl 

19.2 

0.79012 

0.2017 

0.0612 

1.134 

n 

19.2 

0.79012 

0.2819 

0.0847 

1.129 

PE/MEKP 

n 

19.2 

0.79012 

0.3020 

0.0985 

1.173 

1.171 

0.002 

0.20 

Wl 

18.2 

0.79096 

0.3027 

0.0985 

1.172 

n 

18.2 

0.79096 

0.2535 

0.0819 

1.168 

VE/CHP/F 

#1 

18.4 

0.79079 

0.2623 

0.1016 

1.291 

1.309 

0.019 

0.42 

Wl 

18.4 

0.79079 

0.3748 

0.1516 

1.328 

#3 

18.6 

0.79063 

0.3274 

0.1297 

1.309 

VE-EL/MEKP 

#1 

18.7 

0.79054 

0.2725 

0.0791 

1.114 

1.116 

0.002 

0.15 

Wl 

18.6 

0.79063 

0.2689 

0.0786 

1.117 

#3 

18.6 

0.79063 

0.2689 

0.0786 

1.116 

CE 

#1 

18.7 

0.79054 

0.2501 

0.0825 

1.180 

1.178 

0.002 

0.17 

#2 

18.7 

0.79054 

0.3313 

0.1092 

1.179 

#3 

18.7 

0.79054 

0.2682 

0.0879 

1.176 

Cyclo.A/CTBN/ 

#1 

18.8 

0.79046 

0.2673 

0.0920 

1.205 

1.208 

0.002 

0.18 

AN/ACL 

Wl 

18.8 

0.79046 

0.2831 

0.0978 

1.208 

m 

18.8 

0.79046 

0.3359 

0.1164 

1.210 

CE/HTBN/NPh/ 

n 

18.9 

0.79037 

0.2925 

0.0899 

1.141 

1.143 

0.002 

0.14 

Cu.AA 

Wl 

18.9 

0.79037 

0.3115 

0.0963 

1.144 

#3 

18.9 

0.79037 

0.2950 

0.9011 

1.144 
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Table  9.2.  Density  of  neat-resin  systems  (continued). 


Material 

Ethanol 

Temp. 

(°C) 

Ethanol 

Density 

(g/cm^) 

Specimen 
Weight 
(in  air) 

(g) 

Specimen 

Weight 

(immersed) 

(g) 

Density 

(g/cm^) 

Average 

Density 

(g/cm^) 

S.D. 

(g/cm^) 

C.V. 

(%) 

DGEBA-ST/ARA/ 

#1 

19.0 

0.79029 

0.2750 

0.1048 

1.277 

1.280 

0.003 

0.22 

ACL/F 

#2 

19.0 

0.79029 

0.2882 

0.1106 

1.282 

#3 

19.0 

0.79029 

0.2661 

0.1018 

1.280 

DGEBA/DCH/ 

#1 

19.0 

0.79029 

0.2775 

0.0885 

1.160 

1.162 

0.002 

0.15 

ARA/ACL 

#2 

19.0 

0.79029 

0.2837 

0.0910 

1.163 

#3 

19.0 

0.79029 

0.2488 

0.0794 

1.161 

Cyclo.A/AN/ACL 

#1 

19.1 

0.79021 

0.3355 

0.1192 

1.226 

1.223 

0.003 

0.23 

#2 

19.0 

0.79029 

0.2713 

0.0958 

1.222 

#3 

19.0 

0.79029 

0.2880 

0.1015 

1.220 

CE(PT)* 

#1 

19.1 

0.79021 

0.2401 

0.0931 

1.291 

1.289 

0.001 

0.10 

#2 

19.1 

0.79021 

0.3250 

0.1258 

1.289 

#3 

19.0 

0.79029 

0.3159 

0.1221 

1.288 

VE/CHP/CoNap/ 

#1 

19.1 

0.79021 

0.2478 

0.0907 

1.246 

1.246 

0.001 

0.06 

2,4-P 

#2 

19.1 

0.79021 

0.2938 

0.1075 

1.246 

#3 

19.1 

0.79021 

0.2677 

0.0978 

1.246 

CE/VT/Co.AA 

#1 

19.1 

0.79021 

0.2423 

0.0806 

1.184 

1.186 

0.003 

0.24 

#2 

19.1 

0.79021 

0.2465 

0.0827 

1.189 

#3 

19.1 

0.79021 

0.2912 

0.0969 

1.184 

MLTF/ARA 

#1 

19.1 

0.79021 

0.2692 

0.1011 

1.265 

1.264 

0.002 

0.12 

#2 

19.0 

0.79029 

0.3392 

0.1270 

1.263 

#3 

19.1 

0.79021 

0.2791 

0.1044 

1.262 

DGEBA/ ALA/ACL 

#1 

19.1 

0.79021 

0.2514 

0.0778 

1.144 

1.143 

0.001 

0.11 

#2 

19.1 

0.79021 

0.3043 

0.0938 

1.142 

#3 

19.1 

0.79021 

0.2418 

0.0745 

1.142 

S.D.  = standard  deviation;  C.V.  = coefficient  of  variation 
See  comments  regarding  cure  schedule  on  page  III- 16. 


9.4  Comparison  of  Hardness  and  Density 

The  relationship  between  neat-resin  density  and  hardness  at  room  temperature  is  shown  in 
Figure  9.1.  A line  depicting  the  linear  relationship  between  the  two  properties  for  the  epoxies  of  this 
program  is  also  drawn  in  this  figure.  The  four  resin  systems  that  appear  to  have  higher  hardness  than 
the  other  systems  (CE/VT/Co.AA,  PE/MEKP,  CE/HTBN/NPh/Cu.AA,  VE-EL/MEKP)  have  little  in 
common  since  they  represent  cyanate-ester-,  polyester-,  and  vinyl-ester-base  resins. 
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The  datum  point  for  the  DGEBF/CTBN/AN  epoxy  resin  is  very  curious.  For  this  resin,  the 
hardness  was  checked  repeatedly  on  fifteen  tensile  specimens  and  found  to  range  from  10  to  17.  The 
density  and  elastic  properties  of  epoxy  resins  (see  §111.4  and  §111.5)  are  normal  for  epoxy  resins;  only 
the  hardness  is  anomalous.  In  this  system,  there  is  a very  large  amount  of  flexibilizer,  and  a two- 
phase  structure  is  likely  to  be  produced.  We  measured  the  hardness  of  a DGEBA  epoxy  system  with- 
out a large  amount  of  flexibilizer,  as  produced  in  plate  form  by  the  resin  supplier,  and  found  an 
average  hardness  of  about  35.  A possible  explanation  for  the  low  hardness  data  is  that  the  softer  phase 
dominates  the  microproperties,  as  typified  by  hardness  measured  with  a pin-type  loading  system,  and 
the  stronger  phase  dominates  the  macroproperties,  such  as  shear  and  tensile  strength.  Additional  work 
on  this  interesting  resin  system  may  prove  rewarding  in  increasing  our  understanding  of  the  mechani- 
cal properties  of  multiphase  neat-resin  systems. 

In  summary,  as  expected,  there  was  good  correlation  between  the  density  and  hardness  of 
neat-resin  systems  measured  at  room  temperature.  Their  linear  dependency  appears  to  be  independent 
of  the  type  of  resin  system,  although  there  is  less  data  scatter  for  the  epoxy  systems  than  for  the  other 
resin  systems. 


Figure  9.1. 


Density  versus  hardness  at  room  temperature. 
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10.  Dynamic  Elastic  Properties 


Sudook  Kim  and  Hassel  Ledbetter 

Materials  Reliability  Division 
National  Institute  of  Standards  and  Technology 
Boulder,  Colorado 


We  measured  the  dynamic  elastic  constants  of  resins  from  five  polymer 
classes:  acrylate,  cyanate  ester,  epoxy,  polyester,  and  vinyl  ester.  We  used  two 
methods:  Marx  composite  oscillator  (30  kHz)  and  pulse-echo  superposition  (1  and 
5 MHz).  The  first  method  gives  the  Young’s  (extensional)  modulus  and  the  associ- 
ated internal  friction.  The  second  method  gives  the  complete  set  of  isotropic  elastic 
constants.  Here,  we  report  Young’s,  shear,  bulk,  and  longitudinal  moduli  together 
with  Poisson’s  ratio.  Among  the  materials  studied,  the  Poisson’s  ratio  was  the  most 
consistent  property,  with  a standard  deviation  of  only  4%.  Young’s  moduli  varied 
by  a factor  of  1.6.  For  comparison,  we  measured  the  same  properties  of  a well- 
characterized  polymer,  isotropic  polymethylmethacrylate  (PMMA). 

10.1  Introduction 

Elastic  properties  play  at  least  three  important  roles:  engineering-design  parameters,  material- 
characterization  parameters,  and  indicators  of  interatomic  forces. 

In  engineering  design,  elastic  coefficients  enter  considerations  of  stress-strain  (load- 
deflection),  residual  stress,  thermoelastic  stress,  fracture  toughness,  and  elastic  instabilities,  such 
as  buckling  and  jamming. 

For  material  characterization,  elastic  coefficients  can  provide  information  about  cracks  and 
voids,  nonhomogeneity,  and  anisotropy  (texture). 

The  macroscopic  elastic  coefficients  follow  directly  from  fundamental  interatomic  forces.  In 
most  solids,  the  coefficients  relate  simply  to  interatomic  bond-stretching  and  bond-bending  forces.  In 
polymers,  many  more  structural  features  affect  the  elastic  coefficients.  These  features  include  chain 
length,  chain  shape,  average  molecular  weight,  nature  and  density  of  cross-links,  and  so  on. 


10.2  Procedures 

10.2.1  Materials 

The  eighteen  materials  measured  are  described  in  §111.3.3.2.  Their  designations  and  sources 
are  given  in  Table  2.1  of  §111.2.  For  comparison,  we  measured  the  same  properties  of  polymethyl- 
methacrylate (PMMA). 
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10.2.2  Measurement  Methods 


In  the  Marx-oscillator  method,  we  used  4.7-mm-diameter  rods,  typically  3-cm  long.  By  estab- 
lishing standing  waves  and  measuring  resonance  frequencies  (^,  near  30  kHz),  one  obtains  Young’s 
modulus  from 


E = 4p//f,2  (10,) 

Here  p denotes  mass  density  and  specimen  length. 

From  the  width  of  the  Lorentzian-shape  resonance  peak,  we  calculated  the  internal  friction 

from 


e"‘  = (fi  -/i)//o-  (10.2) 

Here,  /g  denotes  the  center  frequency  of  the  resonance  peak,  and  /2  and  /] , the  frequencies  corre- 
sponding to  half-maximum  in  power. 

In  the  pulse-echo-superposition  method,  we  used  plate-shape  specimens  a few  millimeters 
thick.  Using  piezoelectric  transducers,  we  excited  an  ultrasonic  pulse  that  traveled  through  the 
specimen,  reflected,  and  returned  for  detection  at  the  original  transducer.  Using  longitudinal-wave 
polarization,  we  measured  the  longitudinal  velocity  (v^)  and  obtained  the  modulus  (Q)  from 


Q = pvf.  (10.3) 

Similarly,  transverse-wave  polarization  leads  to  the  transverse  modulus: 

C,  = pv,.  (10.4) 

In  isotropic  materials,  the  shear  modulus  (G)  equals  the  transverse  modulus.  Other  elastic 
properties  follow  from  simple,  well-known  relationships: 

bulk  modulus  = B = C(  - (4/3)C,,  (10.5) 

Young’s  modulus  = E = 9801(38+  G),  (10.6) 

Poisson’s  ratio  = u = EI{2G)  - 1.  (10.7) 


Except  for  the  dimensionless  Poisson’s  ratio,  all  these  elastic-stiffness  parameters  have  units  of  stress 
(herein  GPa). 

To  determine  mass  density  (p)  we  used  Archimedes’s  method  with  distilled  water  as  a 
standard. 

From  our  experience  in  measuring  standard  materials,  we  estimate  the  uncertainty  in  principal 
elastic  constants  Q and  C,  as  ±0.5%  and  the  error  in  mass  density  as  0.1%. 
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10.3  Results 


Tables  10.1  and  10.2  show  the  principal  measurement  results:  sound  velocities  and  complete 
sets  of  elastic  coefficients  at  two  frequencies,  1 and  5 MHz.  For  30  or  35  kHz  (determined  by 
specimen  length),  the  Young’s  modulus  and  associated  internal  friction  are  given  in  Table  10.3. 


Table  10.1.  At  1 MHz,  elastic  constants  of  17  resins  compared  with  those  of  PMMA. 


Material 

T 

(°C) 

P 

(g/cm3) 

^t 

(cm//is) 

(cm//is) 

(GPa) 

G 

(GPa) 

B 

(GPa) 

E 

(GPa) 

V 

Epoxies — 

DGEBA/DCH/ARA/ACL 

22.2 

1.166 

0.3101 

0.1277 

11.21 

1.901 

8.679 

5.315 

0.3979 

DGEBA/ALA/ACL 

23.6 

1.149 

0.2978 

0.1288 

10.19 

1.907 

7.651 

5.281 

0.3849 

DGEBA-ST/ARA/ACL/F 

23.9 

1.292 

0.2930 

0.1276 

11.09 

2.103 

8.287 

5.818 

0.3830 

DGEBF/CTBN/AN 

24.0 

1.220 

0.2722 

0.1163 

9.036 

1.651 

6.835 

4.584 

0.3882 

NV/AN/ACL 

22.1 

1.232 

0.2808 

0.1255 

9.714 

1.942 

7.125 

5.341 

0.3751 

Cyclo.  A/ AN/ACL 

22.9 

1.212 

0.2756 

0.1216 

9.208 

1.793 

6.818 

4.944 

0.3791 

Cyclo.  A/CTBN/AN/ACL 

23.2 

1.214 

0.2729 

0.1191 

9.043 

1.721 

6.748 

4.759 

0.3825 

MLTF/ARA 

23.2 

1.270 

0.3413 

0.1370 

14.80 

2.383 

11.618 

6.692 

0.4040 

Cyanate  Esters — 

CE/VT/Co.AA 

CE 

CE(PT)* 

CE/HTBN/NPh/Cu.AA 


22.4 

1.188 

0.2715 

22.5 

1.184 

0.2681 

22.3 

1.278 

0.2995 

22.9 

1.147 

0.2830 

0.1169 

8.760 

1.622 

0.1116 

8.511 

1.474 

0.1301 

11.460 

2.162 

0.1240 

9.185 

1.763 

6.597 

4.498 

0.3864 

6.545 

4.114 

0.3952 

8.577 

5.984 

0.3837 

6.834 

4.870 

0.3812 

Vinyl  Esters — 


VE/CHX 

24.8 

1.142 

0.2849 

0.1222 

9.271 

1.706 

6.996 

4.734 

0.3872 

VE-EL/MEKP 

22.3 

1.123 

0.2963 

0.1273 

9.861 

1.819 

7.436 

5.046 

0.3869 

VE/CHP/F 

23.3 

1.262 

0.2863 

0.1281 

10.34 

2.069 

7.585 

5.690 

0.3750 

VE/CHP/CoNap/2,4-P 

24.1 

1.249 

0.2868 

0.1253 

10.27 

1.962 

7.655 

5.423 

0.3819 

Polyester — 

PE/MEKP 

23.4 

1.179 

0.2870 

0.1285 

9.710 

1.947 

7.114 

5.353 

0.3746 

Acrylate — 

PMMA 

22.2 

1.187 

0.3081 

0.1478 

11.27 

2.592 

7.812 

7.001 

0.3506 

*See  comments  regarding  cure  schedule  on  page  III- 16. 
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Table  10.2.  At  5 MHz,  elastic  constants  of  17  resins  compared  with  those  of  PMMA. 


Material 

T 

(°C) 

(cm//is) 

(cm//is) 

(GPa) 

G 

(GPa) 

B 

(GPa) 

E 

(GPa) 

V 

Epoxies— 

DGEBA/DCH/ARA/ACL 

22.8 

0.3131 

0.1278 

11.43 

1.904 

8.888 

5.332 

0.4000 

DGEBA/ALA/ACL 

22.9 

0.2990 

0.1300 

10.27 

1.942 

7.685 

5.313 

0.3835 

DGEBA-ST/ARA/ACL/F 

21.6 

0.2850 

0.1292 

10.50 

2.156 

7.620 

5.911 

0.3707 

DGEBF/CTBN/AN 

22.5 

0.2749 

0.1170 

9.219 

1.671 

6.991 

4.642 

0.3893 

NV/AN/ACL 

22.8 

0.2800 

0.1233 

9.659 

1.874 

7.160 

5.171 

0.3796 

Cyclo.A/AN/ACL 

22.4 

0.2736 

0.1226 

9.070 

1.821 

6.641 

5.006 

0.3744 

Cyclo.A/CTBN/AN/ACL 

22.5 

0.2648 

0.1194 

8.515 

1.731 

6.207 

4.752 

0.3724 

MLTF/ARA 

21.4 

0.3246 

0.1388 

13.39 

2.446 

10.12 

6.792 

0.3882 

Cyanate  Esters— 


CE/VT/Co.AA 

22.7 

0.2644 

0.1143 

8.308 

1.552 

6.238 

4.301 

0.3851 

CE 

22.8 

0.2595 

0.1091 

7.971 

1.410 

6.091 

3.926 

0.3926 

CE(PT)* 

22.8 

0.2924 

0.1289 

10.93 

2.124 

8.097 

5.861 

0.3794 

CE/HTBN/NPh/Cu.AA 

22.2 

0.2756 

0.1221 

8.715 

1.711 

6.434 

4.714 

0.3779 

Vinyl  Esters — 

VE/CHX 

23.3 

0.2788 

0.1232 

8.880 

1.732 

6.570 

4.776 

0.3788 

VE-EL/MEKP 

22.6 

0.2854 

0.1252 

9.147 

1.759 

6.802 

4.858 

0.3810 

VE/CHP/F 

22.2 

0.2794 

0.1290 

9.849 

2.101 

7.047 

5.734 

0.3644 

VE/CHP/CoNap/2,4-P 

22.6 

0.2833 

0.1247 

10.03 

1.941 

7.440 

5.357 

0.3800 

Polyester — 

PE/MEKP 

22.6 

0.2798 

0.1269 

9.229 

1.899 

6.697 

5.205 

0.3705 

Acrylate— 

PMMA 

23.0 

0.5052 

0.1458 

11.06 

2.525 

7.690 

6.828 

0.3520 

*See  comments  regarding  cure  schedule  on  page  III- 16. 
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Table  10.3.  At  kilohertz  frequencies,  Young’s  modulus  and  internal  friction 
of  18  resins  compared  with  those  of  PMMA. 


Material 

/ 

T 

E 

or^ 

(kHz) 

(°C) 

(GPa) 

Epoxies — 


DGEBA/DCH/ARA/ACL 

30 

25.3 

3.630 

0.060 

DGEBA/ ALA/ACL 

30 

24.4 

3.858 

0.067 

DGEBA-ST/ARA/ACL/F 

35 

24.0 

5.038 

0.062 

DGEBF/CTBN/AN 

30 

23.9 

3.570 

0.026 

NV/AN/ACL 

30 

25.2 

4.200 

0.041 

Cyclo.A/AN/ACL 

30 

24.2 

3.931 

0.021 

Cyclo.A/CTBN/AN/ACL 

30 

23.0 

4.120 

0.016 

MLTF/ARA 

35 

23.2 

4.885 

0.058 

MLTF/ARA/TGH 

30 

23.5 

4.372 

0.048 

Cyanate  Esters — 


CE/VT/Co.AA 

30 

25.6 

3.876 

0.014 

CE 

30 

23.0 

3.495 

0.0086 

CE(PT)* 

35 

23.1 

4.797 

0.0055 

CE/HTBN/NPh/Cu.AA 

30 

24.5 

4.198 

0.017 

Vinyl  Esters— 

VE/CHX 

30 

23.8 

3.886 

0.013 

VE-EL/MEKP 

30 

25.6 

3.762 

0.023 

VE/CHP/F 

35 

22.4 

5.723 

0.028 

VE/CHP/CoNap/2,4-P 

30 

23.2 

4.347 

0.013 

Polyester— 

PE/MEKP 

30 

24.5 

4.441 

0.016 

Acrylate — 

PMMA 

30 

23.3 

5.890 

0.015 

*See  comments  regarding  cure  schedule  on  page  III- 16. 
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10.4  Discussion 


The  most  suqjrising  result  is  the  near-constancy  of  the  Poisson’s  ratio  among  the  materials 
studied.  If  v is  nearly  constant,  then,  from  Equation  10.7,  a plot  of  G versus  E should  be  linear  with 
little  scatter.  Figure  10.1  confirms  such  behavior  and  gives,  by  a least-squares  fit  to  38  points,  an 
effective  v = 0.380.  This  near-constancy  of  v reflects  the  similarity  in  type  of  bonding  in  these  mate- 
rials. In  principle,  for  isotropic  solids,  the  Poisson’s  ratio  is  bounded  by  0.5  ^ i'  ^ -1.  In  practice, 
for  nearly  all  materials,  we  observe  0.4  > v 0.2,  with  no  known  negative  values  except  for  net- 
work structures.  Because,  in  most  of  their  properties,  polymers  resemble  liquids  rather  than  solids, 
we  would  expect  the  value  of  v to  be  about  0.5,  a liquid’s  value,  reflecting  zero  resistance  to  shear 
force.  A mean  value  near  0.4  shows  a partial  transition  from  a liquid  state  to  a crystalline  state.  The 
relatively  high  Poisson’s  ratio  reflects  the  higher  strength  of  extension-compression  bends  compared 
with  that  of  bending-twisting  bends,  consistent  with  a polymer  structure  whose  Young’s  modulus 
along  the  chain  may  exceed  300  GPa.  This  value  is  much  higher  than  that  for  iron,  whereas  the 
Young’s  modulus  perpendicular  to  the  chain  is  a few  gigapascals. 


Figure  10.1.  Shear-modulus-Young’s-modulus  diagram  showing  a nearly  constant  Poisson’s  ratio. 
A least-squares  line  gives  v = 0.380. 
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Among  the  resins,  the  range  of  elastic  stiffnesses,  say  the  Young’s  moduli  where  ^max^^min 
= 1.6,  is  normal  compared  with  those  of  other  groups  of  materials.  The  limited  range  of  stiffhess 
suggests  also  that  the  resins  vary  little  in  crystallinity.  In  polyethylene,  for  example,  elastic  stiffhess 
increases  by  a factor  of  about  4 in  going  from  amorphous  to  crystalline  states.  Thus,  we  conjecture 
that  the  resins  vary  little  in  crystallinity  and  that  their  stiffness  differences  arise  from  differences  in 
other  characteristics,  such  as  molecular  weight,  mass  density,  and  cross-linking. 

Using  Table  10.3,  we  can  also  compare  the  internal  friction,  of  the  resins  with  that  of 
PMMA,  a glassy  polymer  with  a glass-transition  temperature  near  150°C.  Transition  to  the  glass  state 
increases  substantially.  We  note  that  the  various  esters  show  values  similar  to  or  lower  than 
that  of  PMMA,  whereas  the  epoxies  show  much  higher  values. 

Finally,  a few  comments  on  frequency  dependence:  In  principle,  one  can  measure  dynamic 
elastic  constants  over  a wide  frequency  range,  say  10"^  to  10^  Hz.  In  the  present  study,  we  focused 
on  only  three  frequencies— 30  kHz  and  1 and  5 MHz.  With  regard  to  the  Young’s  moduli,  E,  our 
results  show  that  between  zero  frequency  and  megahertz  frequencies,  E sometimes  increases  and 
sometimes  decreases.  For  usual  materials,  we  expect  E to  increase  with  frequency  because  various 
relaxation  mechanisms  become  "frozen,"  that  is,  unable  to  follow  the  rapidly  varying  applied  stress. 
Compared  with  E and  other  elastic  stiffnesses,  we  found  that  the  Poisson’s  ratio  usually  shows  a much 
lower  frequency  dependence.*  Unless  the  polymer  is  near  its  glass-transition  temperature,  we  expect 
Q~^  to  change  only  slightly  with  frequency. 


*Note  also  that  the  usiial,  so-called  static  test  conditions  are  not  really  static,  but  low-frequency  dynamic,  say 
10  ^ to  10  ‘ Hz.  In  this  frequency  range,  we  expect  E to  vary  with  frequency,  just  as  it  does  in  the  kilohertz 
and  megahertz  regions.  For  materials  with  low-frequency  relaxation  mechanisms,  the  following  question  arises: 
Can  one  measure  the  static  Young’s  modulus?  If  not,  then  from  an  operationalist  viewpoint,  it  lacks  meaning. 
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1 1 . Discussion 


R.P.  Reed 

Cryogenic  Materials,  Inc. 

Boulder,  Colorado 

Most  of  the  results  reported  in  §III  represent  the  first  measurements  of  these 
properties  of  these  resin  systems.  Therefore,  comparison  of  our  data  with  other  data 
for  identical  resin  systems  is  not  possible.  Instead,  this  discussion  compares  the 
properties  of  the  different  resin  systems  that  we  studied.  It  also  includes  the  role  of 
defects  in  affecting  mechanical  properties,  the  use  of  data  in  selecting  resins  for 
cryogenic  structures,  and  discussion  of  the  selection  of  the  best  resin  systems  on  the 
basis  of  neat-resin  properties. 


11.1  Mechanical  Properties 

Tensile  and  shear  properties  of  the  neat  resin  systems  were  measured  at  295,  76,  and  4 K. 
This  section  includes  (1)  a discussion  of  the  elastic  moduli  and  their  relationships  and  (2)  a discussion 
of  the  tensile  and  shear  strengths. 


11.1.1  Elastic  Moduli 

The  shear  (G)  and  Young’s  (E)  moduli  for  all  resin  systems  are  compared  at  295,  76,  4 K, 
and  combined  temperatures  in  Figures  11.1(a),  (b),  (c),  and  (d),  respectively.*  When  one  constructs 
a best-fit  linear  relationship  through  the  origin  for  Figure  1 1.1(d)  and  uses  the  isotropic  expression  to 
relate  the  moduli  to  Poisson’s  ratio  (i^). 


V = 


(11.1) 


a value  of  j/  = 0.38  is  obtained.  This  average  value  (over  the  temperature  range  4 to  295  K)  corre- 
sponds very  well  to  the  literature  values  of  0.38  to  0.41  at  room  temperature  and  0.36  to  0.37  at  4 K 
reported  in  §111.4.2. 


The  tensile  strengths  and  shear  moduli  at  room  temperature,  with  considerable  scatter,  in- 
crease with  the  increase  in  resin  density.  These  dependences  are  shown  in  Figure  11.2(a)  and  (b) 
for  tensile  strength  and  shear  moduli,  respectively.*  Surprisingly,  at  low  temperatures,  the  depend- 
ences on  the  room-temperature  density  are  much  less  clear.  This  result  suggests  that  (1)  the  tempera- 
ture dependences  of  the  elastic  properties  of  neat-resin  systems  are  much  more  dependent  on  resin 
chemical  composition  than  on  resin  density;  (2)  the  temperature  dependence  of  the  resin  density  is,  in 
turn,  dependent  on  the  chemical  composition;  and  (3)  the  room-temperature  densities  cannot  be  easily 
correlated  with  low-temperature  densities. 


* 


See  comments  regarding  cure  scbeudle  on  page  III- 16. 
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Figure  11.1.  Shear  and  Young’s  moduli  for  all  resin  systems  at  295  K(a),  76  K (b),  and  4 K (c). 
The  material  legend  used  in  this  figure  is  given  in  part  (d). 
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Figure  11.1.  (continued).  Shear  and  Young’s  moduli  for  all  resin  systems 

at  the  combined  temperatures  (d). 
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Figure  1 1 .2.  At  room  temperature,  the  dependences  of  tensile  strengths  (a)  and  shear  moduli  (b)  on 
resin  density.  The  trends  for  the  epoxy  resins  are  more  defined  than  trends  for  the  other 
classes  of  resins;  thus,  trend  lines  were  constructed  only  for  the  epoxy  resins. 
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In  §111.9,  we  pointed  out  the  good  relationship  between  the  hardness  and  density  of  neat-resin 
systems.  Therefore,  since  there  is  good  correspondence  between  their  density  and  elastic  moduli  at 
room  temperature,  one  would  expect  good  correlation  between  their  hardness  and  elastic  moduli  at 
room  temperature.  This  correlation  is  shown  in  Figure  1 1.3,  where  the  elastic  moduli  are  combined 
as  £■  -I-  2G  and  plotted  versus  the  hardness.  Unlike  the  correlation  with  density,  the  elastic-moduli- 
hardness  dependence  appears  to  be  independent  of  the  type  of  resin  system.  However,  like  the  elastic- 
moduli-hardness  data,  there  is  no  strong  correlation  between  density  and  elastic  moduli  at  low 
temperatures.  Perhaps  contributing  to  the  lower  scatter  of  elastic-moduli-hardness  data  is  the  use  of 
the  summation  of  the  tensile  and  shear  moduli.  To  assist  in  summarizing  the  trends  of  the  elastic 
moduli,  this  same  combination  (E  + 2G)  was  used  to  analyze  the  temperature  dependence  and  relative 
elastic  strengths. 

Elastic  moduli  (E  + 2G)  are  plotted  versus  temperature  for  epoxies  (Fig.  11.4),  cyanate  esters 
(Fig.  11.5),*  and  polyesters  and  vinyl  esters  (Fig.  11.6).  Data  variability  is  independent  of  tempera- 
ture and,  typically,  about  ±3%.  The  epoxies  with  the  highest  elastic  moduli  are  the  multifunctional 
and  filled  systems.  Except  for  the  multifunctional  and  filled  systems,  all  epoxy  systems  have  similar 
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Figure  11.3.  Elastic  moduli  E + 2G  at  room  temperature  versus  hardness. 
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See  comments  regarding  cure  schedule  on  page  111-16. 
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Figure  1 1 .4.  Elastic  moduli  E + 2G  versus  temperature  for  epoxies. 
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Figure  1 1 .5.  Elastic  moduli  E + 2G  versus  temperature  for  cyanate  esters. 
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Figure  11.6.  Elastic  moduli  E + 2G  versus  temperature  for  polyesters  and  vinyl  esters. 


moduli  at  room  temperature.  The  toughened  epoxy  systems  have  the  lowest  moduli  at  low  tempera- 
tures. Thus,  the  dependence  on  temperature  is  less  for  the  toughened  epoxy  systems. 

The  cyanate-ester  resins  show  a relatively  wide  diversity  of  elastic  moduli,  and  the  CE(PT)* 
system  exhibits  the  highest  moduli.  However,  the  cyanate-ester  resins  have  a lower  temperature 
dependence  than  the  epoxy  systems  and,  as  a result,  have  lower  elastic  moduli  at  low  temperatures. 

At  room  temperature,  both  resin  systems  have  equivalent  elastic  moduli. 

The  VE/CHP/F  (filled)  vinyl-ester  resin  has  the  highest  combined  elastic  moduli  for  the 
vinyl-ester  and  polyester  resin  systems.  The  temperature  dependence  of  the  vinyl  esters  is  equivalent 
to  that  of  the  untoughened  epoxy  systems.  Thus,  the  vinyl  esters  have  good  low-temperature  elastic 
properties.  The  polyester  has  lower  temperature  dependence  and  lower  elastic  properties  at  low 
temperatures. 

In  summary,  filled  resin  systems  and  multifunctional  epoxy  resins  have  the  highest  elastic 
properties  at  all  temperatures.  At  room  temperature,  the  elastic  properties  are  dependent  on  resin 
density  (and  hardness).  At  low  temperatures,  untoughened  epoxies  and  vinyl  esters  have  higher  elastic 
properties  than  the  cyanate  esters  and  polyesters. 


See  comments  regarding  cure  schedule  on  page  III- 16. 
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11.1.2  Tensile  and  Shear  Strength 

To  summarize  the  strengths  of  the  neat  resins  at  low  temperatures,  considering  the  large 
data  scatter  in  general,  the  sum  of  the  shear  (t)  and  tensile  (a)  strengths  for  each  resin  system  at 
each  temperature  was  used.  Again,  following  the  procedures  defined  in  §111.4  and  §111.5,  the  shear 
and  tensile  strengths  that  were  summed  represent  average  values  of  the  three  highest  data  points. 
Typical  data  uncertainties  are  ±4%  at  295  K and  + 10%  at  76  and  4 K.  The  sum  of  these  data  is 
presented  in  Figure  11.7  for  epoxies  (a),  cyanate  esters  (b),*  and  polyester  and  vinyl  esters  (c).  In 
Figure  11.7(d),  the  strongest  resin  systems  for  each  resin  class  (including  two  epoxies)  are  presented. 

Following  a trend  similar  to  that  for  elastic  properties,  the  strongest  resin  systems  at  low 
temperatures  were  the  epoxies  and  cyanate  esters.  At  room  temperature,  the  trend  was  reversed:  the 
strongest  resin  systems  were  the  polyester  and  vinyl  esters,  although  a few  epoxies  that  are  not 
included  in  Figure  11.7(d)  had  equivalent  room-temperature  strengths.  The  cyanate  esters  were  the 
only  resins  that  had  better  strengths  at  4 K than  at  76  K.  In  all  other  systems,  apparently  the  sensi- 
tivity to  flaws  was  sufficiently  higher  at  4 K than  at  76  K to  cause  premature  fracture.  This  is  dis- 
cussed in  more  detail  in  §111.11.1.4. 

The  disparity  between  the  relative  strength  of  the  resin  systems  at  room  temperature  and  that 
at  low  temperatures  results  in  difficulties  for  resin  screening.  If  resin  strength  is  a significant  factor 
in  strut  performance  and  if  the  struts  are  designed  for  a temperature  gradient  from  4 to  295  K,  then 
resin  selection  should  be  more  strongly  influenced  by  resin  performance  at  the  temperature  of  lowest 
strut  strength  or  fatigue  limit— which  is  room  temperature.  On  the  other  hand,  the  greater  strengths  of 
epoxies  and  vinyl  esters  at  low  temperatures  suggest  that,  perhaps,  a two-strut  approach  is  best,  with 
the  strut  intercept  also  serving  as  the  76-K  thermal  intercept. 

With  regard  to  resin  classes,  it  is  interesting  to  note  that  the  filled  or  multifunctional  (epoxy) 
resin  systems,  with  exceptionally  good  elastic  properties,  had  the  lowest  strengths  at  cryogenic  tem- 
peratures. These  strengths,  in  the  case  of  the  epoxy  and  vinyl-ester  classes,  were  significantly  lower, 
by  about  30  to  50%,  than  the  stronger  resin  systems. 

To  summarize— at  low  temperatures,  several  epoxy  and  vinyl-ester  systems  had  the  highest 
combined  shear  and  tensile  strength.  At  room  temperature,  several  cyanate-ester  and  polyester  systems 
had  equivalent  or  higher  combined  strengths.  Those  filled  systems  or  multifunctional  epoxy  systems 
that  had  the  highest  elastic  properties  had  the  lowest  strengths  at  cryogenic  temperatures. 


* 


See  comments  regarding  cure  schedule  on  page  III- 16. 
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Figure  1 1.7.  Sum  of  shear  and  tensile  strength  averages  (three  highest  data  points) 
for  epoxies  (a)  and  cyanate  esters  (b)  (continued  on  next  page). 
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Figure  1 1.7.  (continued).  Sum  of  shear  and  tensile  strength  averages  (three  highest  data  points) 

for  the  polyester  and  vinyl  esters  (c)  and  the  strongest  resin  systems  for 
each  resin  class  (d). 
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11.1.3  Relationships  between  Elastic  and  Strength  Properties 

The  "apparent"  strain  in  a tensile  or  shear  specimen  can  be  approximated  by  using  the  ratio  of 
strength  to  elastic  modulus.  This  approximation  is  especially  valid  at  low  temperatures,  where  there  is 
little  or  no  nonlinearity  in  the  stress-strain  curves  of  neat  resins.  For  these  comparisons,  the  strength 
was  approximated  by  the  term  o + t and  the  elastic  properties,  by  the  term  E + 2G.  In  Figure  11.8, 
the  ratio  (a  + t)I(E  + 2G)  for  each  resin  system  is  plotted  versus  temperature.  Epoxies  [Fig.  1 1.8(a)], 
cyanate  esters  [Fig.  11.8(b)],*  and  polyester  and  vinyl  esters  [Fig.  11.8(c)]  are  included.  For  all  resin 
systems,  except  two  cyanate  esters  (CE/VT/Co.AA  and  CE/HTBN/NPh/Cu.AA),  the  lowest  apparent 
strains  to  failure  (strength-to-modulus  ratios)  were  at  4 K.  On  the  basis  of  apparent  strain  to  failure, 
comparative  data  for  the  best  resin  systems  of  each  class  are  replotted  in  Figure  11.8(d).  Notice  that, 
in  addition  to  being  less  sensitive  to  temperature,  the  cyanate  ester  had  the  highest  strength-to- 
modulus  ratio  at  4 K.  In  summary,  on  the  basis  of  apparent  strain  to  failure,  data  were  lower  at  4 K 
than  at  other  temperatures,  except  for  two  cyanate  ester-resin  systems. 

The  plots  of  E+2G  versus  a + t in  Figure  11.9  provide  an  excellent  summary  of  the  tensile 
and  shear  data  of  all  resin  systems.  The  data  are  shown  for  each  temperature  in  Figures  11.7(a-c)  and 
combined  in  Figure  11.9(d).  Several  items  are  apparent: 

1.  The  properties  of  resin  systems  varied  less  at  room  temperature  than  at  low  temperatures.  This 
trend  suggests  that  careful  resin  selection  is  more  important  for  cryogenic  applications. 

2.  Those  resins  that  had  comparatively  better  properties  at  room  temperature  did  not  have  better 
properties  at  low  temperatures.  Thus,  for  structural  components  that  span  the  temperature  gradient 
from  4 to  295  K,  there  is  no  clearly  superior  resin  system  based  on  their  tensile  and  shear 
properties. 

3.  Those  resins  that  had  better  elastic  properties  were  not  the  same  as  those  that  had  better  strength 
properties.  Similarly,  resins  more  tolerant  in  strain-to-failure  criteria  were  not  those  that  had  better 
elastic  properties.  These  distinctions  between  resin  systems  place  a premium  on  resin-selection 
criteria  and  on  reliable  static  and  dynamic  failure-prediction  models.  Accurate  predictive  models 
that  contain  either  elastic,  strength,  or  strain  parameters  for  the  resin  matrix  are  needed  for  resin 
screening. 

4.  At  low  temperatures,  the  elastic  and  strength  properties  of  resin  systems  increased  as  the  strain-to- 
failure  ratios  decreased. 

Some  contend  that  the  energy-absorption  capability  of  the  resin  may  be  related  to  the  resin’s 
matrix  performance.  An  estimate  of  the  energy  absorbed  during  tensile  and  shear  tests  of  neat  resins 
is  obtained  by  considering  the  area  under  the  stress-strain  curve,  that  is  oe/2,  or  for  this  report,  by 
combining  the  shear  and  tensile  properties:  + af-(E  + 2G)~\  From  this  quantity,  which  was 

calculated  for  all  resin  systems,  we  conclude: 

• At  low  temperatures,  on  the  basis  of  energy  absorbed,  three  general  resin  systems  are  better: 
epoxies  DGEBA/DCH/ARA/ACL  and  DGEBF/CTBN/AN  and  vinyl  ester  VE-EL/MEKP. 

• At  room  temperature,  although  differences  among  resin  types  are  not  as  distinct,  several  resin 
systems  appear  to  have  slightly  better  energy-absorption  capacity:  epoxies  DGEBA/DCH/ARA/ 
ACL,  Cyclo.A/CTBN/AN/ACL,  and  NV/AN/ACL  and  cyanate  esters  CE/VT/Co.AA,  CE,  and 
CE/HTBN/NPh/Cu.AA. 


See  comments  regarding  cure  schedule  on  page  III- 16. 
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Figure  11.8.  The  ratio  (a  + t)I(E  + 2G)  versus  temperature  for  epoxies  (a)  and 
cyanate  esters  (b)  (continued  on  next  page). 
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Figure  11.8.  (continued).  The  ratio  {a  + t)I(E+2G)  versus  temperature  for  the 

polyester  and  vinyl  esters  (c)  and  the  best  resin  systems 
of  each  class  (d). 
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Figure  1 1 .9.  For  all  resin  systems,  E+2G  versus  a + t at  295  K (a)  and  76  K (b)  (continued 
on  next  page).  The  material  legend  used  in  this  figure  is  given  in  part  (d). 
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Figure  11.9.  (continued).  For  all  resin  systems,  E+2G  versus  a + r at  4 K (c)  and 

all  three  temperatures  (d). 
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11.1.4  Effects  of  Flaws  on  Mechanical  Properties 

In  §111.4  we  demonstrated  that  the  tensile  strength  of  neat-resin  systems  was  critically  de- 
pendent on  the  size  of  surface  or  internal  flaws.  This  dependence  on  notch  sensitivity  increased  at 
low  temperatures.  Plots  of  tensile  strength  versus  flaw  size  (Fig.  4.62),  extrapolated  to  zero  flaw  size, 
indicated  an  inherent  resin  strength  of  about  100  MPa  at  room  temperature  and  170  MPa  at  76  and 
4 K.  These  plots  contained  data  from  all  classes  of  resin  systems.  It  is  likely,  however,  that  more 
extensive  analyses  of  individual  resin  systems  or  of  each  class  of  resin  systems  would  reveal  varia- 
tions from  these  approximate  values.  From  these  plots  we  estimated  the  fracture  toughness  of  neat- 
resin  systems  to  be  as  high  as  about  1.8  MPa\Am  at  295  K and  2.4  MPa>/m  at  76  and  4 K. 

The  clear  dependence  of  neat-resin  strength  on  flaw  size,  as  discussed  in  §111.4.6,  places  a 
premium  on  good  fabrication  procedures  to  achieve  high  resin  strength.  Clearly,  in  view  of  the  strong 
influence  of  flaws  in  affecting  fracture,  the  concentration  of  flaws  will  also  be  a concern.  In  the  ten- 
sile specimens  that  we  analyzed,  the  volume  percent  of  flaws  was  less  than  1 % and  there  were  no 
multiple  flaws  within  the  specimen  cross  section  that  were  able  to  affect  fracture.  But  obviously,  in 
composites  where  the  porosity  is  typically  between  3 and  10%,  the  strength  level  at  which  micro- 
cracking will  initiate  will  be  strongly  influenced  by  multiple  flaws. 


11.2  Thermal  Properties 

Jackel  et  al.  (11.1],  using  DGEBA-base  epoxy  systems,  reported  increases  of  thermal  conduc- 
tivity (X)  at  low  temperatures  for  decreased  cross-link  density  and  small  increases  of  £ (calculated 
from  their  reported  density  and  sound-velocity  data)  at  room  temperature  for  decreased  cross-link 
density.  Thus,  from  their  data,  X increases  with  increasing  E,  if  one  assumes  that  E also  decreases 
with  cross-link  density  at  low  temperatures. 

Earlier,  Hartwig  had  reported  that  X at  4 K decreased  as  the  cross-link  distance  between  atom 
chains  decreased  [11.2].  He  also  reported  a small  increase  in  the  Young’s  modulus  (E)  as  the  cross- 
link distance  decreased.  Thus,  his  data  supported  an  inverse  dependence  of  X on  E.  Our  thermal  con- 
ductivity data  at  295  and  4 K are  plotted  versus  the  combined  values  of  the  elastic  moduli  (E  + 2G) 
measured  at  295  and  4 K,  respectively,  in  Figure  11.10.  Notice  that  X increases  as  £ + 2G  increases. 
Notice  also,  that  because  of  the  differing  temperature  dependences  of  £ for  the  resin  systems  in 
Figure  11.10,  the  positions  of  the  resin  systems  within  the  trend  lines  change  at  295  and  4 K. 

The  filled  epoxy  (DGEBA-ST/ARA/ACL/F)  produced  an  anomalous  dependence  of  X on  £ at 
4 K:  the  £ -I-  2G  value  at  4 K was  16.4  GPa  and  X was  0.045  W/m  • K;  these  values  fall  well  off  of 
the  trend  line  for  the  unfilled  epoxies.  Again,  in  contrast,  Hartwig  reported  that  the  value  of  X for 
filled-  epoxy  systems  at  4 K was  higher  than  that  of  the  unfilled  epoxy  systems  that  he  studied  [11.2]. 
A reasonable  explanation  for  the  disparity  between  the  two  sets  of  data  is  that  his  filled-resin  system 
contained  60  wt%  quartz  powder,  whereas  our  system  contained  only  about  17  wt%  of  filler  (AI2O3 
powder). 

The  correlation  of  low-temperature  thermal  conductivity  with  room-temperature  density  is  not 
as  good  as  its  correlation  with  elastic  moduli.  This  suggests  that  chemical  composition  does  play  an 
important  role  in  affecting  thermal  conductivity. 
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Figure  11.10.  Thermal  conductivity  versus  E + 2G  at  295  and  4 K. 


Similarly,  the  amount  of  thermal  contraction  on  cooling  from  room  temperature  to  4 K has 
been  shown  to  depend  on  chemical  composition.  Epoxies  contracted  between  1.0  and  1.2%;  cyanate 
esters,  between  1.0  and  1.1%,  and  polyesters  and  vinyl  esters,  about  1.25%.  The  addition  of  tough- 
eners  increased  the  total  contraction  from  0.1  to  0.2%.  Multifunctional  epoxies  or  filled  resin  systems 
had  lower  thermal  contractions— between  0.80  and  0.97%. 

In  general,  the  amount  of  thermal  contraction  on  cooling  from  295  to  4 K increases  as  the 
density  of  the  resin  system  decreases.  All  systems  that  contracted  more  than  1 % had  densities  less 
than  1.23  g/cm^;  all  systems  that  contracted  less  than  1%  had  densities  greater  than  1.26  g/cm^. 
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11.3  Effects  of  Chemical  Composition 


This  program  has  demonstrated  that  the  polymer  chemistry  can  be  used  to  change  the  low- 
temperature  properties  of  neat  resins.  The  addition  of  fillers  increased  the  elastic  moduli  and  thermal 
conductivity  but  lowered  the  strength  and  thermal  contraction.  Similarly,  at  low  temperatures,  multi- 
functional epoxies  had  higher  elastic  moduli  but  lower  strength  and  thermal  contraction  than  other 
epoxies.  Differences  between  the  epoxies  and  esters  were  not  as  distinct,  yet  some  general  comments 
can  be  made: 

1 . The  temperature  dependence  of  the  elastic  properties  of  cyanate  esters  was  not  as  strong  as  that  of 
the  other  classes  of  resin  systems.  Since  all  resins  had  similar  elastic  moduli  at  room  temperature, 
the  elastic  moduli  of  cyanate  ester  systems  were,  therefore,  lower  at  low  temperatures. 

2.  The  cyanate  esters  (and  perhaps  the  polyesters)  had  distinctive  strength  properties.  At  room  tem- 
perature their  tensile  and  shear  strengths  were  slightly  higher  than  most  epoxies  and  vinyl  esters;  at 
76  K,  their  strengths  were  decidedly  lower.  At  4 K,  however,  all  resin  strengths  were  approxi- 
mately equivalent  since  the  strengths  of  all  epoxies  and  vinyl  esters  decreased  on  cooling  from  76 
to  4 K,  and  those  of  the  cyanate  esters  did  not. 

3.  The  amount  of  thermal  contraction  was  dependent  on  the  type  of  resin  system.  Both  cyanate  esters 
and  epoxy  systems  contracted  less  than  the  vinyl  and  polyester  systems  on  cooling  from  295  to 

4 K. 


11.4  Resin  Selection 

These  measurements  on  neat-resin  systems  at  low  temperatures  have  identified  several 
significant  factors: 

1.  No  one  resin  system  is  clearly  superior.  The  selection  of  "the  best"  resin  system  depends  on  the 
matrix  properties  that  are  required  in  the  composite.  Improved  properties  can  be  obtained  by 
changing  the  chemical  composition  or  density  of  the  resin  system.  The  selection  of  the  most 
important  properties  depends  on  the  weak  link  or  failure  mode  of  the  composite  structure.  This 
discussion  will  be  pursued  following  identification  of  the  failure  modes  in  the  composite  struts  that 
have  been  tested  in  this  program  (§VI). 

2.  Defects  in  the  resin  systems  strongly  affect  their  failure  under  tensile  or  shear  loads.  This  factor, 
then,  suggests  that  the  processibility  of  the  resin  system  is  as  significant  as  the  properties  reported 
in  this  study.  For,  if  the  strength  of  the  matrix  is  a significant  parameter  in  affecting  the  failure  of 
a composite  structure,  then  the  void  size  and  content  will  strongly  influence  the  performance  of  the 
composite. 

3.  Both  the  strength  and  thermal  conductivity  of  neat  resins  tend  to  increase  with  increasing  elastic 
moduli.  Thus,  in  selecting  resin  systems  for  structural  applications,  such  as  support  struts  for 
SMES  that  span  the  temperature  gradient  from  4 to  295  K,  there  may  be  a trade-off  between 
optimization  of  strength  and  optimization  of  thermal  conductance. 

Finally,  a word  about  the  use  of  the  information  in  this  study.  From  the  data  acquired,  it  is 
not  possible  to  identify  a "best"  resin  for  use  in  composite  structures  for  three  basic  reasons: 

1.  No  one  resin  system  has  clearly  demonstrated  the  highest  moduli  and  strength  and  the  lowest 
thermal  conductivity,  thermal  contraction,  and  residual  stress. 
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2.  Selection  of  a resin  must  be  based  on  its  performance  as  the  matrix  for  a specific  composite,  a 
factor  more  significant  than  data  for  the  matrix  material  only.  Thus,  comparable  unidirectional 
and  ±45°  (in-plane  shear)  composite  data  are  also  necessary  to  optimize  neat-resin  selection. 

3.  Resin  selection  depends  on  the  composite  failure  mode  that  restricts  operational  usage.  For  ex- 
ample, composite  struts  for  SMES  plants  are  likely  to  experience  a temperature  gradient  from 
either  4 or  76  K to  295  K.  Our  strut  data  indicate  that  the  failure  stress  at  295  K is  less  than 
the  failure  stress  at  lower  temperatures.  Thus,  to  improve  operational  performance,  the  room- 
temperature  strengths  may  have  to  be  considered.  This  would  require  careful  consideration  of 
the  resin  system  that  has  the  best  room-temperature  data  for  the  elastic  or  strength  properties 
that  address  the  failure  mode  of  the  strut  (at  room  temperature). 
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13.  Appendixes 


Appendix  A.  Tensile  Strength,  Elastic  Modulus,  and  Poisson's  Ratio 


Table  A.l.  Tensile  strength,  elastic  modulus,  and  Poisson’s  ratio. 


Resin 

Tempera- 

ture 

(K) 

Tensile 
Strength 
(MPa)  (ksi) 

Elastic 
Modulus 
(GPa)  (Msi) 

Poisson’s 

Ratio 

NV/AN/ACL 

295 

76.9 

11.15 

295 

80.8 

11.72 

295 

81.4 

11.81 

295 

81.9 

11.87 

295 

3.67 

0.533 

0.335 

295 

3.72 

0.540 

0.378 

295 

3.73 

0.541 

0.376 

Average 

80.3 

11.60 

3.71 

0.538 

0.363 

76 

116.9 

16.9 

76 

100.2 

14.5 

76 

112.4 

16.3 

76 

87.9 

12.8 

76 

6.94 

1.01 

0.389 

76 

6.55 

0.950 

0.382 

Average 

104.4 

15.1 

6.75 

0.98 

0.385 

4 

69.7 

10.1 

4 

109.4 

15.9 

4 

47.1 

6.83 

4 

51.8 

7.51 

4 

87.9 

12.7 

4 

49.6 

7.2 

4 

87.4 

12.7 

4 

76.7 

11.12 

4 

8.69 

1.26 

0.402 

4 

7.52 

1.09 

0.371 

Average 

72.5 

10.5 

8.10 

1.17 

0.386 
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Table  A.I.  Tensile  strength,  elastic  modulus,  and  Poisson’s  ratio  (continued). 


Resin 

Tempera- 

ture 

(K) 

Tensile 
Strength 
(MPa)  (ksi) 

Elastic 
Modulus 
(GPa)  (Msi) 

Poisson’s 

Ratio 

DGEBA/DCH/ARA/ACL 

295 

86.8 

12.6 

295 

60.1 

8.72 

295 

73.1 

10.6 

295 

3.23 

0.469 

0.397 

295 

3.22 

0.467 

0.364 

Average 

73.3 

10.6 

3.23 

0.468 

0.381 

76 

99.5 

14.4 

76 

110 

15.9 

76 

89.4 

13.0 

76 

74.9 

10.9 

76 

7.40 

1.08 

0.418 

76 

7.30 

1.06 

0.423 

Average 

93.5 

13.6 

7.35 

1.07 

0.421 

DGEBA/DCH/ARA/ACL 

4 

102 

14.8 

4 

93.8 

13.6 

4 

56.9 

8.25 

4 

82.9 

12.0 

4 

46.5 

6.75 

4 

107 

15.6 

4 

8.26 

1.20 

0.358 

4 

8.26 

1.20 

0.426 

Average 

81.5 

11.8 

8.26 

1.20 

0.392 

VE-EL/MEKP 

295 

62.7 

9.09 

295 

63.4 

9.20 

295 

63.4 

9.20 

295 

57.4 

8.33 

295 

3.40 

0.493 

0.365 

295 

3.29 

0.477 

0.361 

Average 

61.7 

8.96 

3.34 

0.485 

0.363 

76 

153 

22.2 

76 

169 

24.6 

76 

165 

23.9 

76 

105 

15.2 

76 

6.01 

0.871 

0.429 

76 

6.68 

0.968 

0.426 

Average 

148. 

21.5 

6.35 

0.920 

0.426 
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Table  A.l.  Tensile  strength,  elastic  modulus,  and  Poisson’s  ratio  (continued). 


Resin 

Tempera- 

ture 

(K) 

Tensile 
Strength 
(MPa)  (ksi) 

Elastic 
Modulus 
(GPa)  (Msi) 

Poisson’s 

Ratio 

VE-EL/MEKP 

4 

135 

19.6 

4 

144 

20.9 

4 

101 

14.6 

4 

137 

19.9 

4 

85.3 

12.4 

4 

7.87 

1.14 

0.464 

4 

7.02 

1.02 

0.378 

Average 

120. 

17.5 

7.45 

1.08 

0.421 

DGEBA/ALA/ACL 

295 

58.6 

8.50 

295 

61.9 

8.97 

295 

60.7 

8.80 

295 

61.1 

8.86 

295 

54.6 

7.92 

295 

63.0 

9.13 

295 

53.9 

7.82 

295 

3.24 

0.47 

0.378 

295 

3.35 

0.49 

0.378 

Average 

59.1 

8.57 

3.29 

0.48 

0.378 

DGEBA/ALA/ACL 

76 

153 

22.2 

76 

64.0 

9.29 

76 

103 

14.9 

76 

101 

14.6 

76 

72.7 

10.6 

76 

6.73 

1.00 

0.388 

76 

7.28 

1.06 

0.449 

Average 

98.7 

14.3 

7.10 

1.03 

0.418 

4 

156 

22.6 

4 

96.8 

14.0 

4 

82.9 

12.0 

4 

56.3 

8.16 

4 

85.4 

12.4 

4 

7.89 

1.14 

0.382 

4 

7.99 

1.16 

0.435 

Average 

95.5 

13.8 

7.94 

1.15 

0.409 

DGEBF/CTBN/AN 

295 

59.3 

8.60 

295 

76.0 

11.0 

295 

49.8 

7.22 

295 

75.6 

10.9 

295 

3.30 

0.48 

0.366 

295 

3.43 

0.50 

0.373 

Average 

65.2 

9.43 

3.36 

0.49 

0.366 
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Table  A.l.  Tensile  strength,  elastic  modulus,  and  Poisson’s  ratio  (continued). 


Resin 

Tempera- 

Tensile 

Elastic 

Poisson’s 

ture 

Strength 

Modulus 

Ratio 

(K) 

(MPa) 

(ksi) 

(GPa) 

(Msi) 

DGEBF/CTBN/AN 

76 

161 

23.4 

76 

155 

22.5 

76 

104 

15.1 

76 

112 

16.2 

76 

120 

17.5 

76 

5.99 

0.87 

0.487 

76 

6.22 

0.903 

0.447 

Average 

130. 

18.9 

6.10 

0.88 

0.467 

4 

96.9 

14.1 

4 

129 

18.7 

4 

112 

16.2 

4 

143 

20.7 

4 

83.2 

12.1 

4 

75 

10.9 

4 

57.1 

8.28 

4 

6.97 

1.01 

0.423 

4 

7.04 

1.02 

0.435 

Average 

99.5 

14.4 

7.01 

1.02 

0.429 

Cyclo.A/CTBN/AN/ACL 

295 

60.5 

8.78 

295 

87.8 

12.7 

295 

65.6 

9.51 

295 

58.8 

8.52 

295 

65.4 

9.49 

295 

3.51 

0.546 

0.363 

295 

3.76 

0.510 

0.374 

Average 

67.6 

9.80 

3.63 

0.527 

0.368 

76 

120 

17.4 

76 

83.6 

12.1 

76 

97.5 

14.2 

76 

58.3 

8.45 

76 

6.59 

0.956 

0.396 

76 

6.32 

0.917 

0.434 

Average 

89.9 

13.0 

6.45 

0.936 

0.415 

4 

90.3 

13.1 

4 

73.1 

10.6 

4 

77.7 

11.3 

4 

56.0 

8.12 

4 

7.50 

1.09 

0.365 

4 

8.16 

1.18 

0.433 

Average 

74.3 

10.8 

7.83 

1.14 

0.399 
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Table  A.l.  Tensile  strength,  elastic  modulus,  and  Poisson’s  ratio  (continued). 


Resin 

Tempera- 

ture 

(K) 

Tensile 
Strength 
(MPa)  (ksi) 

Elastic 
Modulus 
(GPa)  (Msi) 

Poisson’s 

Ratio 

CE/VT/Co.AA 

295 

66.0 

9.57 

295 

46.9 

6.80 

295 

67.6 

9.80 

295 

58.2 

8.50 

295 

60.5 

8.77 

295 

66.0 

9.57 

295 

3.74 

0.54 

0.38 

295 

3.48 

0.50 

0.36 

Average 

60.8 

8.82 

3.61 

0.52 

0.37 

76 

97.6 

14.2 

76 

98.3 

14.3 

76 

49.4 

7.17 

76 

69.0 

10.0 

76 

86.9 

12.6 

76 

5.15 

0.748 

0.443 

76 

5.12 

0.742 

0.392 

Average 

80.2 

11.7 

5.14 

0.745 

0.418 

4 

126 

18.3 

4 

110 

16.0 

4 

81.4 

11.8 

4 

103 

15.0 

4 

55.2 

8.06 

4 

89.0 

12.9 

4 

85.0 

12.3 

4 

6.20 

0.899 

0.405 

4 

6.01 

0.871 

0.446 

Average 

92.8 

13.5 

6.11 

0.885 

0.426 

CE/HTBN/NPh/Cu.AA 

295 

88.3 

12.8 

295 

60.4 

8.76 

295 

58.8 

8.53 

295 

88.0 

12.8 

295 

3.62 

0.525 

0.334 

295 

3.64 

0.528 

Average 

73.9 

10.7 

3.63 

0.527 

0.334 

76 

117 

16.9 

76 

96.9 

14.1 

76 

89.4 

13.0 

76 

101 

14.7 

76 

6.02 

0.873 

0.416 

Average 

101. 

14.7 

6.02 

0.873 

0.416 
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Table  A.l.  Tensile  strength,  elastic  modulus,  and  Poisson’s  ratio  (continued). 


Resin 

Tempera- 

Tensile 

Elastic 

Poisson’s 

ture 

Strength 

Modulus 

Ratio 

(K) 

(MPa) 

(ksi) 

(GPa) 

(Msi) 

CE/HTBN/NPh/Cu.AA 

4 

108 

15.7 

4 

91.6 

13.3 

4 

75.6 

11.0 

4 

144 

20.9 

4 

71.0 

10.3 

4 

7.07 

1.02 

0.402 

4 

6.62 

0.960 

0.435 

Average 

98.0 

14.2 

6.85 

0.990 

0.419 

Cyclo.A/AN/ACL 

295 

66.2 

9.60 

295 

64.1 

9.30 

295 

69.5 

10.1 

295 

3.55 

0.515 

0.328 

295 

3.62 

0.525 

0.345 

Average 

66.6 

9.67 

3.58 

0.520 

76 

99.4 

14.4 

76 

124 

18.0 

76 

6.23 

0.903 

0.426 

76 

6.36 

0.923 

0.447 

Average 

112 

16.2 

6.29 

0.913 

0.436 

4 

102 

14.8 

4 

110 

15.9 

4 

113 

16.4 

4 

114 

16.5 

4 

7.43 

1.08 

0.414 

Average 

110. 

15.9 

7.43 

1.08 

0.414 

MLTF/ARA 

295 

80.7 

11.7 

295 

40 

5.8 

295 

46.7 

5.9 

295 

4.14 

0.600 

0.398 

Average 

55.8 

7.80 

4.14 

0.600 

0.398 

76 

82.2 

11.9 

76 

91.6 

13.3 

76 

8.37 

1.21 

0.401 

Average 

86.9 

12.6 

8.37 

1.21 

0.401 

4 

71.9 

10.4 

4 

61.9 

8.98 

4 

61.9 

8.98 

4 

9.48 

1.37 

0.358 

Average 

65.2 

9.45 

9.48 

1.37 

0.358 
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Table  A.l.  Tensile  strength,  elastic  modulus,  and  Poisson’s  ratio  (continued). 


Resin 

Tempera- 

ture 

(K) 

Tensile 
Strength 
(MPa)  (ksi) 

Elastic 
Modulus 
(GPa)  (Msi) 

Poisson’s 

Ratio 

DGEBA-ST/ARA/ACL/F 

295 

53.1 

7.70 

295 

55.8 

8.09 

295 

52.4 

7.60 

295 

4.14 

0.600 

0.353 

295 

4.06 

0.589 

0.328 

Average 

53.8 

7.80 

4.10 

0.595 

0.340 

76 

72.1 

10.5 

76 

84.1 

12.2 

76 

87.5 

12.7 

76 

102 

14.8 

76 

8.44 

1.22 

0.367 

Average 

86.4 

12.6 

8.44 

1.22 

0.367 

DGEBA-ST/ARA/ACL/F 

4 

84.6 

12.3 

4 

77.1 

11.2 

4 

85.3 

12.4 

4 

84.0 

12.2 

4 

9.57 

1.39 

0.350 

4 

9.35 

1.36 

0.403 

Average 

82.8 

12.0 

9.46 

1.38 

0.377 

VE/CHX 

295 

62 

9.0 

295 

67 

9.7 

295 

66 

9.5 

295 

3.12 

0.453 

0.350 

295 

3.11 

0.451 

0.313 

Average 

65.0 

9.40 

3.12 

0.452 

0.336 

76 

155 

22.5 

76 

159 

23.1 

76 

167 

24.3 

76 

162 

23.5 

76 

6.57 

0.953 

0.461 

76 

6.56 

0.951 

0.458 

Average 

161. 

23.4 

6.57 

0.952 

0.460 

4 

154 

22.3 

4 

163 

23.6 

4 

157 

22.7 

4 

146 

21.2 

4 

7.09 

1.03 

0.455 

4 

7.19 

1.04 

0.400 

Average 

155. 

22.5 

7.14 

0.104 

0.427 
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Table  A.l.  Tensile  strength,  elastic  modulus,  and  Poisson’s  ratio  (continued). 


Resin 

Tempera- 

ture 

(K) 

Tensile 
Strength 
(MPa)  (ksi) 

Elastic 
Modulus 
(GPa)  (Msi) 

Poisson’s 

Ratio 

VE/CHP/F 

295 

57.8 

8.39 

295 

59.2 

8.59 

295 

4.35 

0.631 

0.329 

Average 

58.5 

8.49 

4.35 

0.631 

0.329 

76 

57.4 

8.32 

76 

84.7 

12.2 

76 

68.4 

9.92 

76 

8.11 

1.17 

0.406 

76 

7.55 

1.10 

0.338 

Average 

70.2 

10.1 

7.83 

1.14 

0.372 

VE/CHP/F 

4 

55.5 

8.05 

4 

33.6 

4.87 

4 

60.0 

8.70 

4 

73.6 

10.7 

4 

9.21 

1.34 

0.367 

Average 

55.6 

8.07 

9.21 

1.34 

0.367 

VE/CHP/CoNap/2,4-P 

295 

86.9 

12.6 

295 

93.4 

12.1 

295 

87.6 

12.7 

295 

4.14 

0.600 

0.391 

Average 

89.3 

12.5 

4.14 

0.600 

0.391 

76 

79.3 

11.5 

76 

146 

21.2 

76 

129 

18.7 

76 

129 

18.7 

76 

6.84 

0.992 

0.395 

Average 

121. 

17.5 

6.84 

0.992 

0.395 

4 

120 

17.4 

4 

135 

19.6 

4 

67.5 

9.76 

4 

133 

19.2 

4 

7.58 

1.10 

0.400 

Average 

114. 

16.5 

7.58 

1.10 

0.400 

PE/MEKP 

295 

79.3 

11.5 

295 

79.3 

11.5 

295 

71.0 

10.3 

295 

3.97 

0.576 

0.332 

Average 

76.5 

11.1 

3.97 

0.576 

0.332 
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Table  A.l.  Tensile  strength,  elastic  modulus,  and  Poisson’s  ratio  (continued). 


Resin 

Tempera- 

Tensile 

Elastic 

Poisson’s 

ture 

Strength 

Modulus 

Ratio 

(K) 

(MPa) 

(ksi) 

(GPa) 

(Msi) 

PE/MEKP 

76 

113 

16.4 

76 

108 

15.6 

76 

127 

18.4 

76 

6.19 

0.897 

0.464 

Average 

116. 

16.8 

6.19 

0.897 

0.464 

4 

87.6 

12.7 

4 

85.8 

12.4 

4 

104 

15.1 

4 

104 

15.1 

7.76 

1.13 

0.412 

4 

7.06 

1.02 

0.402 

Average 

92.5 

13.4 

7.41 

1.08 

0.407 

CE 

295 

68.8 

9.98 

295 

3.14 

0.456 

0.352 

295 

3.03 

0.440 

0.340 

Average 

68.8 

9.98 

3.08 

0.447 

0.346 

76 

88.8 

12.9 

76 

88.4 

12.8 

76 

5.31 

0.770 

0.457 

76 

5.32 

0.771 

0.455 

Average 

88.6 

12.9 

5.32 

0.771 

0.456 

4 

70.9 

10.3 

4 

58.8 

8.53 

4 

57.7 

8.37 

4 

6.39 

0.927 

0.421 

4 

6.37 

0.924 

0.446 

Average 

62.5 

9.07 

6.38 

0.926 

0.434 

CE(PT)* 

295 

20.7 

3.04 

295 

35.8 

5.19 

295 

3.86 

0.560 

0.360 

Average 

28.3 

4.12 

3.86 

0.560 

0.360 

76 

6.92 

1.00 

0.411 

Average 

6.92 

1.00 

0.411 

*See  comments  regarding  cure  schedule  on  page  111-16. 
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Appendix  B.  Shear  Properties 


NOTE:  In  the  tables  of  this  appendix,  standard  deviation 
is  abbreviated  S.D.  and  coefficient  of  variation,  C.V. 


Table  B.  1.  Ultimate  shear  strength  and  shear  modulus  of  epoxies  at  76  K. 


Resin  Diameter  Ultimate  Shear  Strength  Shear  Modulus 

(mm)  (MPa)  (GPa) 


DGEBA/DCH/ARA/ACL 

3.216 

241.8 

Ave. 

208.8 

2.87 

Ave. 

2.75 

3.208 

232.7 

S.D. 

28.5 

2.73 

S.D. 

0.13 

3.216 

207.4 

C.V. 

13.6 

2.59 

C.V. 

4.7 

3.233 

185.0 

2.68 

3.198 

177.0 

2.89 

DGEBA/ALA/ACL 

3.239 

137.8 

Ave. 

190.7 

2.85 

Ave. 

2.68 

3.228 

185.8 

S.D. 

33.6 

2.56 

S.D. 

0.105 

3.231 

194.9 

C.V. 

17.6 

2.66 

C.V. 

3.9 

3.231 

206.6 

2.67 

3.239 

228.3 

2.67 

DGEBA-ST/ARA/ACL/F 

3.193 

131.2 

Ave. 

118.6 

3.14 

Ave. 

3.09 

3.190 

121.6 

S.D. 

8.1 

3.13 

S.D. 

0.08 

3.188 

110.3 

C.V. 

6.8 

3.16 

C.V. 

2.6 

3.167 

114.7 

3.02 

3.165 

115.0 

2.98 

DGEBF/CTBN/AN 

3.195 

196.0 

Ave. 

191.0 

2.08 

Ave. 

2.22 

3.223 

211.3 

S.D. 

25.8 

2.18 

S.D. 

0.09 

3.223 

180.3 

C.V. 

13.5 

2.24 

C.V. 

4.1 

3.206 

151.9 

2.31 

3.203 

* 

215.3 

2.28 

NV/AN/ACL 

3.145 

* 

168.9 

Ave. 

172.8 

2.16 

Ave. 

2.29 

3.137 

136.6 

S.D. 

24.4 

2.15 

S.D. 

0.116 

3.150 

* 

176.1 

C.V. 

14.1 

2.43 

C.V. 

5.1 

3.129 

157.4 

2.21 

3.137 

* 

194.5 

2.32 

3.124 

144.1 

2.40 

3.150 

204.7 

2.24 

3.155 

170.7 

2.45 

3.145 

202.3 

2.22 

*Specimen  did  not  fail. 


Ill- 169 


Table  B.l.  Ultimate  shear  strength  and  shear  modulus  of  epoxies  at  76  K (continued). 


Resin  Diameter  Ultimate  Shear  Strength  Shear  Modulus 

(mm)  (MPa)  (GPa) 


Cyclo.A/CTBN/AN/ACL 

3.195 

150.0 

Ave. 

109.4 

2.41 

Ave. 

2.37 

3.216 

59.1 

S.D. 

37.0 

2.29 

S.D. 

0.089 

3.211 

112.3 

C.V. 

33.8 

2.45 

C.V. 

3.7 

3.221 

138.0 

2.44 

3.223 

87.5 

2.26 

Cyclo. A/AN/ACL 

3.233 

143.8 

Ave. 

146.5 

2.47 

Ave. 

2.42 

3.223 

135.5 

S.D. 

12.1 

2.55 

S.D. 

0.113 

3.233 

157.5 

C.V. 

8.3 

2.31 

C.V. 

4.7 

3.228 

134.9 

2.49 

3.226 

160.7 

2.30 

MLTF/ARA 

3.155 

168.4 

Ave. 

170.6 

2.89 

Ave. 

2.97 

3.175 

193.7 

S.D. 

15.9 

3.01 

S.D. 

0.05 

3.073 

153.9 

C.V. 

9.3 

2.98 

C.V. 

1.7 

3.165 

178.1 

2.95 

3.172 

158.9 

3.01 

MLTF/ARA/TGH 

3.226 

132.0 

Ave. 

147.7 

3.07 

Ave. 

3.19 

3.239 

155.7 

S.D. 

11.2 

3.45 

S.D. 

0.164 

3.226 

144.8 

C.V. 

7.6 

3.06 

C.V. 

5.1 

3.231 

161.0 

3.25 

3.226 

144.8 

3.12 
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Table  B.2.  Ultimate  shear  strain  of  epoxies  at  76  K. 


Resin 

Diameter 

(mm) 

Ultimate  Shear  Strain 
(radians) 

DGEBA/DCH/ARA/ACL 

3.216 

0.127 

Ave. 

0.104 

3.208 

0.119 

S.D. 

0.020 

3.216 

0.105 

C.V. 

19.2 

3.233 

0.086 

3.198 

0.083 

DGEBA/ALA/ACL 

3.239 

0.065 

Ave. 

0.094 

3.228 

0.091 

S.D. 

0.020 

3.231 

0.095 

C.V. 

21.3 

3.231 

0.095 

3.239 

0.122 

DGEBA-ST/ARA/ACL/F 

3.193 

0.054 

Ave. 

0.050 

3.190 

0.050 

S.D. 

0.004 

3.188 

0.043 

C.V. 

8.0 

3.167 

0.049 

3.165 

0.052 

DGEBF/CTBN/AN 

3.195 

0.132 

Ave. 

0.124 

3.223 

0.136 

S.D. 

0.024 

3.223 

0.114 

C.V. 

19.4 

3.206 

0.089 

3.203 

0.150 

NV/AN/ACL 

3.145 

0.100 

Ave. 

0.097 

3.137 

0.079 

S.D. 

0.015 

3.150 

0.100 

C.V. 

15.5 

3.129 

0.091 

3.137 

0.100 

3.124 

0.073 

3.150 

0.120 

3.155 

0.090 

3.145 

0.116 

Cyclo.A/CTBN/AN/ACL 

3.195 

0.077 

Ave. 

0.056 

3.216 

0.028 

S.D. 

0.021 

3.211 

0.056 

C.V. 

37.5 

3.221 

0.074 

3.223 

0.044 

Cyclo.A/AN/ACL 

3.233 

0.075 

Ave. 

0.079 

3.223 

0.073 

S.D. 

0.008 

3.233 

0.085 

C.V. 

10.1 

3.228 

0.070 

3.226 

0.089 
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Table  B.2.  Ultimate  shear  strain  of  epoxies  at  76  K {continued). 


Resin 

Diameter 

(mm) 

Ultimate  Shear  Strain 
(radians) 

MLTF/ARA 

3.155 

0.075 

Ave. 

0.072 

3.175 

0.084 

S.D. 

0.009 

3.073 

0.061 

C.V. 

12.5 

3.165 

0.075 

3.172 

0.065 

MLTF/ARA/TGH 

3.226 

0.053 

Ave. 

0.059 

3.239 

0.059 

S.D. 

0.004 

3.226 

0.058 

C.V. 

6.8 

3.231 

0.065 

3.226 

0.059 
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Table  B.3.  Ultimate  shear  strength  and  shear  modulus  of  cyanate  esters  at  76  K. 


Resin  Diameter  Ultimate  Shear  Shear  Modulus 


(mm) 

Strength 

(MPa) 

(GPa) 

CE/VT/Co.AA 

3.259 

114.6 

Ave. 

131.1 

1.67 

Ave. 

1.73 

3.259 

134.7 

S.D. 

9.4 

1.79 

S.D. 

0.043 

3.256 

138.7 

C.V. 

7.2 

1.72 

C.V. 

2.5 

3.261 

133.9 

1.74 

3.256 

133.5 

1.73 

CE 

3.193 

97.7 

Ave. 

101.6 

1.81 

Ave. 

1.75 

3.172 

94.0 

S.D. 

6.6 

1.64 

S.D. 

0.127 

3.170 

111.6 

C.V. 

6.5 

1.75 

C.V. 

7.2 

3.185 

102.8 

1.92 

3.185 

101.7 

1.61 

CE(PT)* 

3.152 

102.7 

Ave. 

82.1 

2.30 

Ave. 

2.13 

3.157 

102.2 

S.D. 

23.5 

2.13 

S.D. 

0.10 

3.190 

91.3 

C.V. 

28.6 

2.03 

C.V. 

4.7 

3.195 

61.3 

2.07 

3.193 

52.7 

2.14 

CE/HTBN/NPh/Cu.AA 

3.203 

157.7 

Ave. 

159.2 

2.22 

Ave. 

2.25 

3.198 

157.3 

S.D. 

1.7 

2.25 

S.D. 

0.038 

3.200 

160.2 

C.V. 

1.1 

2.29 

C.V. 

1.7 

3.200 

161.3 

2.28 

3.185 

159.2 

2.20 

* See  comments  regarding  cure  schedule  on  page  111-16. 
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Table  B.4.  Ultimate  shear  strain  of  cyanate  esters  at  76  K. 


Resin 

Diameter 

(mm) 

Ultimate  Shear  Strain 
(radians) 

CE/VT/Co.AA 

3.259 

0.086 

Ave. 

0.100 

3.259 

0.103 

S.D. 

0.008 

3.256 

0.108 

C.V. 

8.0 

2.261 

0.102 

3.256 

0.102 

CE 

3.193 

0.068 

Ave. 

0.073 

3.172 

0.067 

S.D. 

0.006 

3.170 

0.082 

C.V. 

8.2 

3.185 

0.073 

3.185 

0.077 

CE(PT)* 

3.152 

0.056 

Ave. 

0.044 

3.157 

0.056 

S.D. 

0.014 

3.190 

0.050 

C.V. 

31.8 

3.195 

0.032 

3.193 

0.026 

CE/HTBN/NPh/Cu.AA 

3.203 

0.102 

Ave. 

0.106 

3.198 

0.105 

S.D. 

0.004 

3.200 

0.112 

C.V. 

3.8 

3.200 

0.105 

3.185 

0.106 

* See  comments  regarding  cure  schedule  on  page  III- 16. 
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Table  B.5.  Ultimate  shear  strength  and  shear  modulus  of  vinyl  esters  and  polyester  at  76  K. 


Resin  Diameter  Ultimate  Shear  Strength  Shear  Modulus 

(mm)  (MPa)  (GPa) 


Vinyl  Esters: 


VE/CHX 

3.068 

80.4 

Ave. 

75.5 

2.48 

Ave. 

2.32 

3.094 

54.9 

S.D. 

30.4 

2.38 

S.D. 

0.20 

3.068 

53.2 

C.V. 

40.3 

1.98 

C.V. 

8.6 

3.005 

126.4 

2.45 

3.073 

62.8 

2.29 

VE-EL/MEKP 

3.086 

203.0 

Ave. 

173.9 

2.64 

Ave. 

2.41 

3.119 

156.6 

S.D. 

25.2 

2.35 

S.D. 

0.235 

3.122 

148.0 

C.V. 

14.5 

2.63 

C.V. 

9.8 

3.106 

163.3 

2.38 

3.127 

198.7 

2.07 

VE/CHP/F 

3.162 

91.0 

Ave. 

96.4 

3.44 

Ave. 

3.25 

3.099 

87.7 

S.D. 

6.6 

3.39 

S.D. 

0.15 

3.216 

102.1 

C.V. 

6.8 

3.16 

C.V. 

4.6 

3.206 

100.9 

3.14 

3.221 

100.5 

3.11 

VE/CHP/Co.Nap/2,4-P 

3.167 

116.9 

Ave. 

90.5 

2.42 

Ave. 

2.5 

3.056 

90.2 

S.D. 

26.3 

2.57 

S.D. 

0.08 

3.180 

64.4 

C.V. 

29.1 

2.51 

C.V. 

3.2 

Polyester: 

PE/MEKP 

3.137 

155.1 

Ave. 

153.8 

2.09 

Ave. 

2.11 

3.117 

162.9 

S.D. 

20.4 

2.19 

S.D. 

0.054 

3.124 

162.9 

C.V. 

13.3 

2.05 

C.V. 

2.6 

3.119 

169.6 

2.08 

3.134 

118.4 

2.13 
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Table  B.6.  Ultimate  shear  stain  of  vinyl  esters  and  polyester  at  76  K. 


Resin  Diameter  Ultimate  Shear  Strain 

(mm)  (radians) 

Vinyl  Esters: 


VE/CHX 

3.068 

0.035 

Ave. 

0.037 

3.094 

0.026 

S.D. 

0.013 

3.068 

0.029 

C.V. 

35.1 

3.005 

0.060 

3.073 

0.033 

VE-EL/MEKP 

3.086 

0.115 

Ave. 

0.095 

3.119 

0.085 

S.D. 

0.017 

3.122 

0.078 

C.V. 

17.9 

3.106 

0.085 

3.127 

0.111 

VE/CHP/F 

3.162 

0.032 

Ave. 

0.036 

3.099 

0.031 

S.D. 

0.004 

3.216 

0.040 

C.V. 

11.1 

3.206 

0.040 

3.221 

0.039 

VE/CHP/Co.Nap/2,4-P 

3.167 

0.060 

Ave. 

0.043 

3.056 

0.041 

S.D. 

0.016 

3.180 

0.028 

C.V. 

37.2 

Polyester: 

PE/MEKP 

3.137 

0.093 

Ave. 

0.090 

3.117 

0.097 

S.D. 

0.014 

3.124 

0.097 

C.V. 

15.6 

3.119 

0.099 

3.134 

0.066 
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Table  B.7.  Yield  strength  and  ultimate  shear  strength  of  epoxies  at  295  K. 


Resin 

Diameter 

(mm) 

Yield  Strength  at  10° 
(MPa) 

Ultimate  Shear  Strength 
(MPa) 

DGEBA/DCH/ARA/ACL 

3.233 

45.45 

Ave. 

46.33 

* 65.53 

Ave. 

66.59 

3.236 

43.76 

S.D. 

3.11 

* 66.96 

S.D. 

0.93 

3.231 

49.79 

C.V. 

6.71 

* 67.27 

C.V. 

1.40 

DGEBA/ALA/ACL 

3.233 

32.50 

Ave. 

32.24 

* 47.03 

Ave. 

46.71 

3.216 

31.97 

S.D. 

0.37 

* 44.60 

S.D. 

1.97 

3.233 

32.77 

C.V. 

1.15 

* 48.51 

C.V. 

4.22 

DGEBA-ST/ARA/ACL/F 

3.180 

42.22 

Ave. 

43.86 

* 65.55 

Ave. 

64.24 

3.185 

43.12 

S.D. 

1.37 

* 56.39 

S.D. 

7.64 

3.178 

43.43 

C.V. 

3.12 

* 57.91 

C.V. 

11.89 

3.167 

44.98 

* 65.78 

3.180 

45.55 

* 75.55 

NV/AN/ACL 

3.200 

55.05 

Ave. 

50.73 

* 65.40 

Ave. 

64.55 

3.129 

48.97 

S.D. 

3.77 

* 64.13 

S.D. 

0.74 

3.134 

48.16 

C.V. 

7.43 

* 64.11 

C.V. 

1.15 

Cyclo.A/AN/ACL 

3.221 

53.48 

Ave. 

54.39 

* 75.93 

Ave. 

76.36 

3.221 

55.61 

S.D. 

0.95 

* 74.87 

S.D. 

0.98 

3.226 

54.29 

C.V. 

1.75 

* 76.64 

C.V. 

1.28 

3.221 

53.48 

* 77.00 

3.231 

55.09 

* 77.34 

MLTF/ARA 

3.165 

52.98 

Ave. 

52.65 

* 77.77 

Ave. 

72.67 

3.170 

51.60 

S.D. 

1.48 

* 74.04 

S.D. 

4.03 

3.167 

51.72 

C.V. 

2.81 

67.47 

C.V. 

5.55 

3.167 

55.10 

* 74.21 

3.165 

51.85 

* 69.88 

Toughened  Epoxies: 

DGEBF/CTBN/AN 

3.195 

43.81 

Ave. 

44.24 

* 58.87 

Ave. 

59.42 

3.193 

45.56 

S.D. 

1.16 

* 59.83 

S.D. 

0.50 

3.193 

43.36 

C.V. 

2.62 

* 59.56 

C.V. 

0.84 

Cyclo.A/CTBN/AN/ACL 

3.193 

47.21 

Ave. 

46.36 

* 63.95 

Ave. 

63.86 

3.195 

44.63 

S.D. 

1.50 

* 62.70 

S.D. 

1.12 

3.167 

47.23 

C.V. 

3.24 

* 64.94 

C.V. 

1.75 

MLTF/ARA/TGH 

3.226 

35.66 

Ave. 

38.45 

* 54.29 

Ave. 

57.40 

3.218 

40.20 

S.D. 

2.44 

* 57.89 

S.D. 

2.90 

3.223 

39.48 

C.V. 

6.35 

* 60.02 

C.V. 

5.05 

* Specimen  did  not  fail  prior  to  90°. 
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Table  B.8.  Shear  modulus,  shear  strain,  and  ultimate  strain  of  epoxies  at  295  K. 


Resin 

Shear  Modulus 

Shear  Strain  at  10° 

Ultimate  Shear  Strain 

(GPa) 

(radians) 

(radians) 

DGEBA/DCH/ARA/ACL 

1.05 

Ave. 

1.04 

0.0551 

Ave. 

0.0570 

0.097 

Ave. 

0.097 

1.10 

S.D. 

0.07 

0.0527 

S.D. 

0.0050 

0.097 

S.D. 

0.000 

0.97 

C.V. 

6.73 

0.0631 

C.V. 

8.77 

0.097 

C.V. 

0.00 

DGEBA/ALA/ACL 

0.90 

Ave. 

0.91 

0.0458 

Ave. 

0.0462 

0.097 

Ave. 

0.097 

0.86 

S.D. 

0.06 

0.0468 

S.D. 

0.0010 

0.097 

S.D. 

0.000 

0.97 

C.V. 

6.59 

0.0458 

C.V. 

2.16 

0.097 

C.V. 

0.00 

DGEBA-ST/ARA/ACL/F 

1.33 

Ave. 

1.56 

0.0414 

Ave. 

0.0394 

0.096 

Ave. 

0.096 

1.69 

S.D. 

0.18 

0.0372 

S.D. 

0.0020 

0.096 

S.D. 

0.000 

1.42 

C.V. 

11.54 

0.0420 

C.V. 

5.08 

0.096 

C.V. 

0.00 

1.65 

0.0388 

0.096 

1.73 

0.0377 

NV/AN/ACL 

1.11 

Ave. 

1.13 

0.0601 

Ave. 

0.0556 

0.096 

Ave. 

0.095 

1.21 

S.D. 

0.07 

0.0521 

S.D. 

0.0040 

0.094 

S.D. 

0.001 

1.07 

C.V. 

6.19 

0.0546 

C.V. 

7.19 

0.094 

C.V. 

1.05 

Cyclo.A/AN/ACL 

1.36 

Ave. 

1.33 

0.0506 

Ave. 

0.0523 

0.097 

Ave. 

0.097 

1.23 

S.D. 

0.06 

0.0561 

S.D. 

0.0020 

0.097 

S.D. 

0.000 

1.38 

C.V. 

4.51 

0.0506 

C.V. 

3.82 

0.097 

C.V. 

0.00 

1.33 

0.0518 

0.097 

1.35 

0.0526 

0.097 

MLTF/ARA 

1.43 

Ave. 

1.42 

0.0491 

Ave. 

0.0494 

0.095 

Ave. 

0.090 

1.42 

S.D. 

0.08 

0.0486 

S.D. 

0.0020 

0.095 

S.D. 

0.013 

1.54 

C.V. 

5.63 

0.0473 

C.V. 

4.05 

0.072 

C.V. 

14.44 

1.33 

0.0522 

0.095 

1.39 

0.0497 

0.095 

Toughened  Epoxies: 

DGEBF/CTBN/AN 

1.04 

Ave. 

1.09 

0.0526 

Ave. 

0.0526 

0.096 

Ave. 

0.096 

1.15 

S.D. 

0.06 

0.0526 

S.D. 

0.0000 

0.096 

S.D. 

0.000 

1.08 

C.V. 

5.50 

0.0526 

C.V. 

0.00 

0.096 

C.V. 

0.00 

Cyclo.A/CTBN/AN/ACL 

1.13 

Ave. 

1.11 

0.0544 

Ave. 

0.0539 

0.096 

Ave. 

0.096 

1.08 

S.D. 

0.03 

0.0526 

S.D. 

0.0010 

0.096 

S.D. 

0.001 

1.12 

C.V. 

2.70 

0.0546 

C.V. 

1.86 

0.095 

C.V. 

1.04 

MLTF/ARA /TGH 

1.03 

Ave. 

1.03 

0.0451 

Ave. 

0.0486 

0.097 

Ave. 

0.097 

1.03 

S.D. 

0.01 

0.0512 

S.D. 

0.0030 

0.097 

S.D. 

0.000 

1.04 

C.V. 

0.97 

0.0494 

C.V. 

6.17 

0.097 

C.V. 

0.00 

* Specimen  did  not  fail  prior  to  90°. 
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Table  B.9.  Yield  strength  and  ultimate  shear  strength  of  cyanate  esters  at  295  K. 


Resin  Diameter  Yield  Strength  at  10°  Ultimate  Shear  Strength 

(mm)  (MPa)  (MPa) 


CE/VT/Co.AA 

3.264 

51.38 

Ave. 

53.87 

* 76.30 

Ave. 

75.29 

3.297 

54.34 

S.D. 

2.29 

* 74.28 

S.D. 

1.01 

3.256 

55.88 

C.V. 

4.25 

* 75.29 

C.V. 

1.34 

CE 

3.193 

46.11 

Ave. 

44.94 

* 64.77 

Ave. 

61.90 

3.188 

48.54 

S.D. 

3.97 

* 58.46 

S.D. 

2.32 

3.178 

40.09 

C.V. 

8.83 

* 61.25 

C.V. 

3.75 

3.200 

41.42 

62.13 

3.188 

48.54 

* 62.88 

CE(PT)+ 

3.190 

61.63 

Ave. 

58.72 

83.63 

Ave. 

84.43 

3.160 

57.76 

S.D. 

2.66 

84.95 

S.D. 

3.36 

3.155 

54.63 

C.V. 

4.53 

83.08 

C.V. 

3.98 

3.185 

59.71 

80.72 

3.183 

59.85 

* 89.78 

CE/HTBN/NPh/Cu.AA 

3.205 

49.90 

Ave. 

52.79 

* 69.43 

Ave. 

68.62 

3.205 

53.70 

S.D. 

2.56 

* 65.09 

S.D. 

3.20 

3.205 

54.78 

C.V. 

4.85 

* 71.33 

C.V. 

4.66 

* Specimen  did  not  fail  prior  to  90°. 

^ See  comments  regarding  cure  schedule  on  page  III- 16. 
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Table  B.  10.  Shear  modulus,  shear  strain,  and  ultimate  strain  of  vinyl  esters  and  polyester  at  295  K. 


Resin  Shear  Modulus  Shear  Strain  at  10°  Ultimate  Shear  Strain 

(GPa)  (radians)  (radians) 


Vinyl  Esters: 


VE/CHX 

0.97 

Ave. 

1.05 

0.0508 

Ave. 

0.0498 

0.094 

Ave. 

0.091 

1.02 

S.D. 

0.11 

0.0500 

S.D. 

0.0050 

0.094 

S.D. 

0.002 

0.98 

C.V. 

10.48 

0.0536 

C.V. 

10.04 

0.091 

C.V. 

2.20 

1.07 

0.0530 

0.091 

1.23 

0.0415 

0.084 

VE-EL/MEKP 

1.14 

Ave. 

1.11 

0.0489 

Ave. 

0.0499 

0.094 

Ave. 

0.094 

1.04 

S.D. 

0.06 

0.0519 

S.D. 

0.0020 

0.094 

S.D. 

0.000 

1.14 

C.V. 

5.41 

0.0490 

C.V. 

4.01 

0.094 

C.V. 

0.00 

VE/CHP/F 

1.58 

Ave. 

1.64 

0.0451 

Ave. 

0.0446 

0.082 

Ave. 

0.075 

1.65 

S.D. 

0.10 

0.0433 

S.D. 

0.0010 

0.074 

S.D. 

0.004 

1.81 

C.V. 

6.10 

0.0433 

C.V. 

2.24 

0.080 

C.V. 

5.33 

1.57 

0.0446 

0.060 

1.61 

0.0469 

0.079 

VE/CHP/CoNap/2,4-P 

1.33 

Ave. 

1.54 

0.0482 

Ave. 

0.0472 

0.095 

Ave. 

0.095 

1.53 

S.D. 

0.20 

0.0460 

S.D. 

0.0030 

0.096 

S.D. 

0.001 

1.80 

C.V. 

12.99 

0.0437 

C.V. 

6.36 

0.095 

C.V. 

1.05 

1.48 

0.0511 

0.093 

Polyester: 

PE/MEKP 

1.47 

Ave. 

1.37 

0.0527 

Ave. 

0.0532 

0.093 

Ave. 

0.094 

1.42 

S.D. 

0.07 

0.0495 

S.D. 

0.0030 

0.094 

S.D. 

0.001 

1.32 

C.V. 

5.11 

0.0515 

C.V. 

5.64 

0.094 

C.V. 

1.06 

1.35 

0.0551 

0.094 

1.30 

0.0571 

0.094 

* Specimen  did  not  fail  prior  to  90°. 
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Table  B.ll.  Yield  strength  and  ultimate  shear  strength  of  vinyl  esters  and  polyester  at  295  K. 


Resin  Diameter  Yield  Strength  at  10°  Ultimate  Shear  Strength 

(mm)  (MPa)  (MPa) 


Vinyl  Esters: 


VE/CHX 

3.117 

38.95 

Ave. 

41.04 

* 48.39 

Ave. 

50.65 

3.106 

39.33 

S.D. 

2.32 

* 52.45 

S.D. 

2.60 

3.007 

42.04 

C.V. 

5.65 

* 47.29 

C.V. 

5.13 

3.038 

44.61 

* 52.26 

3.051 

40.28 

52.86 

VE-EL/MEKP 

3.112 

42.40 

Ave. 

42.27 

* 54.56 

Ave. 

55.07 

3.112 

42.11 

S.D. 

0.15 

* 53.97 

S.D. 

1.42 

3.122 

42.29 

C.V. 

0.35 

* 56.67 

C.V. 

2.58 

VE/CHP/F 

3.231 

54.03 

Ave. 

54.19 

73.10 

Ave. 

70.72 

3.233 

52.85 

S.D. 

1.05 

68.70 

S.D. 

4.24 

3.233 

54.96 

C.V. 

1.94 

73.99 

C.V. 

6.00 

3.239 

53.65 

64.17 

3.223 

55.48 

73.62 

VE/CHP/CoNap/2,4-P 

3.145 

49.41 

Ave. 

53.26 

* 68.95 

Ave. 

74.06 

3.203 

52.20 

S.D. 

3.90 

* 72.31 

S.D. 

5.61 

3.170 

52.72 

C.V. 

7.32 

* 72.91 

C.V. 

7.57 

3.101 

58.69 

* 82.05 

Polyester: 

PE/MEKP 

3.094 

57.92 

Ave. 

58.79 

* 80.85 

Ave. 

80.81 

3.117 

55.48 

S.D. 

2.76 

* 80.26 

S.D. 

0.77 

3.127 

57.27 

C.V. 

4.69 

* 81.82 

C.V. 

0.95 

3.127 

61.95 

* 81.24 

31.37 

61.35 

* 79.87 

* Specimen  did  not  fail  prior  to  90°. 
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Table  B.12.  Shear  modulus,  shear  strain,  and  ultimate  strain  of  cyanate  esters  at  295  K. 


Resin  Shear  Modulus  Shear  Strain  at  10°  Ultimate  Shear  Strain 

(GPa)  (radians)  (radians) 


CE/VT/Co.AA 

1.08 

Ave. 

1.08 

0.0562 

Ave. 

0.0618 

0.098 

Ave. 

0.098 

1.07 

S.D. 

0.01 

0.0650 

S.D. 

0.0050 

0.099 

S.D. 

0.001 

1.09 

C.V. 

0.93 

0.0642 

C.V. 

8.09 

0.098 

C.V. 

1.02 

CE 

1.21 

Ave. 

1.08 

0.0489 

Ave. 

0.0535 

0.096 

Ave. 

0.096 

1.03 

S.D. 

0.08 

0.0580 

S.D. 

0.0060 

0.096 

S.D. 

0.000 

1.08 

C.V. 

7.41 

0.0499 

C.V. 

11.21 

0.096 

C.V. 

0.00 

1.07 

0.0497 

0.096 

1.01 

0.0611 

0.096 

CE(PT)* 

1.52 

Ave. 

1.58 

0.0513 

Ave. 

0.0486 

0.081 

Ave. 

0.087 

1.48 

S.D. 

0.09 

0.0484 

S.D. 

0.0030 

0.090 

S.D. 

0.005 

1.67 

C.V. 

5.70 

0.0441 

C.V. 

6.17 

0.089 

C.V. 

5.75 

1.54 

0.0506 

0.077 

1.67 

0.0487 

0.096 

CE/HTBN/NPh/Cu.AA 

1.23 

Ave. 

1.23 

0.0528 

Ave. 

0.0565 

0.096 

Ave. 

0.096 

1.27 

S.D. 

0.05 

0.0577 

S.D. 

0.0030 

0.096 

S.D. 

0.000 

1.18 

C.V. 

4.07 

0.0589 

C.V. 

5.31 

0.096 

C.V. 

0.00 

* See  comments  regarding  cure  schedule  on  page  III- 16. 
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1 . Introduction 

Selected  mechanical  and  thermal  properties  of  E-glass  have  been  compiled  from  previous 
reports.  These  properties  include  the  elastic  modulus,  Poisson’s  ratio,  tensile  strength,  thermal  ex- 
pansion, and  thermal  conductivity.  Elastic  properties  have  been  measured  only  at  room  temperature; 
the  low-temperature  properties  were  estimated  from  the  temperature  dependence  of  similar  glasses  or 
extrapolated  from  higher  temperature  data.  Each  of  these  properties  is  discussed  separately. 

Other  physical  properties  of  E-glass  that  have  been  measured  are  summarized: 
density:  2.54  g/cm^ 
average  Mohs  hardness:  6.5 
dielectric  strength:  1960  MV/m 
dielectric  constant  at  295  K 
at  60  Hz:  5.9-6.4 
at  10^  Hz:  6.3 

volume  resistivity  at  295  K and  500  V:  lO’^  n*cm 

surface  resistivity:  lO'^Q'cm 

optical  index  of  refraction:  1.547 

velocity  of  sound:  5330  m/s 

specific  heat  of  E-glass 

at  296  K:  0.81  kJ/(kg-K) 
at  473  K:  1.03  kJ/(kg  • K) 

E-glass  was  developed  as  an  electrical  grade  of  glass  fiber,  and  its  composition  in  weight 
percent  is  typically  54%  Si02,  15%  AI2O3,  17%  CaO,  4%  MgO,  1%  Na20,  8%  B2O3,  and  1%  Ti02 
with  traces  of  F2  and  Fe203.  Its  softening  point  on  heating  is  about  824°C,  and  it  anneals  at  657°C. 

2.  Elastic  Modulus 

Measurements  or  estimates  of  the  elastic  modulus  (E)  of  E-glass  fiber  at  room  temperature 
are  compiled  in  Table  2.1  [2. 1-2.6].  The  recommended  value  is  based  mainly  on  the  assessment  by 
Broutman  and  Krock  [2.3]  and  an  estimate  by  McCreight  [2.2].  Measurements  at  higher  temperatures 
on  glass  plate  by  Spinner  [2.7]  and  Franke  [2.8]  are  included  in  Figure  2.1.  Since  we  could  find  no 
low-temperature  data  on  the  elastic  modulus,  two  approximations  are  presented  in  Figure  2.1.  The 
temperature  dependence  of  the  data  at  higher  temperatures  is  rather  weak,  and  extrapolation  of  the 
trend  to  low  temperatures,  using  the  value  of  72.4  GPa  at  room  temperature,  gives  a value  of  about 
73.0  GPa  at  4 K.  However,  the  temperature  dependence  of  E in  compression  tests  of  unidirectional 
E-glass-reinforced  composites  (described  in  §V)  is  higher.  If  we  assume  that  the  fibers  dominate  this 
Thus,  a value  of  about  78  GPa  is  obtained  for  £ at  4 K for  E-glass  fibers.  As  can  be  seen  from 
Figure  2,1,  this  latter  trend  is  clearly  steeper  than  those  at  higher  temperatures. 
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Table  2. 1 . Elastic  modulus  of  E-glass. 


Source  [ref] 

Temperature 

(K) 

Comments 

E 

(GPa) 

10^  psi 

Murgatroyd  [2.1] 

room 

deflection  measurements 

57-61 

8. 3-8. 8 

Scala  from  McCreight  [2.2] 

room 

original  data 

75.9 

11.0 

Broutman  and  Krock  [2.3] 

296 

critical  review 

72.4 

10.5 

Schmidt  [2.4] 

room 

review 

71.5-77.4 

10.2-11.2 

Owens-Coming  [2.5] 

room 

recommended 

69.0-72.4 

10.0-10.5 

Miller  from  Owens-Coming  [2.5] 

room 

review 

69-85 

10.0-12.4 

Otto  [2.6] 

room 

as  drawn 

73.1 

10.7 

room 

heat  compacted  (treated) 

84.8 

12.3 

Recommended  value 

room 

72.4 
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Figure.  2.1.  Elastic  modulus  of  E-glass  versus  temperature. 
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3.  Poisson's  Ratio 


Brannan  measured  the  Poisson’s  ratios  of  50-/im-diameter  glass  fibers  at  room  temperature 
with  a torsion-pendulum  test  assembly  [3.1].  His  measurements  confirmed  earlier  glass  data:  a 
Poisson’s  ratio  of  0.18  ± 0.02.  The  same  value  was  obtained  for  as-formed  glass  fibers  after  heat 
treatment  at  510°C  for  2.5  h.  Earlier,  using  mechanical  measurements  of  deflection  under  load, 
Murgatroyd  had  measured  Poisson’s  ratios  from  0.13  to  0.15  for  40-  to  1 10-/im-diameter  fibers  [2.1]. 


4.  Tensile  Strength 

The  strength  of  E-glass  fibers  at  room  temperature  is  strongly  dependent  on  fiber  diameter 
and  humidity.  The  tensile  strength  typically  has  been  shown  to  decrease  from  about  3.8  GPa  for  fiber 
diameters  less  than  about  5 /xm  to  1 GPa  for  fiber  diameters  greater  than  15  /xm.  Exposure  to  100% 
relative  humidity  for  several  days  or  longer  results  in  a 20  to  50%  reduction  in  its  tensile  strength. 
Heating  the  as-formed  E-glass  fibers  to  temperatures  higher  than  about  500°C  also  results  in  signi- 
ficantly lower  (10  to  75%)  tensile  strengths  at  room  temperature. 

The  tensile  strength  of  glass  fibers  was  measured  at  high  temperatures  by  Thomas  [4.1],  Otto 
[4.2],  Cameron  [4.3],  and  Duflos  [4.4]  and  below  room  temperature  by  Cameron  [4.3]  and  Broutman 
and  Krock  [4.5].  Their  results  are  presented  in  Figure  4.1.  The  puzzling  aspect  of  the  data  in  Fig- 
ure 4.1  is  the  apparent  discontinuity  of  the  temperature  dependence  at  room  temperature,  which  is  not 
likely  to  be  a real  effect.  Probably  the  measurement  technique,  the  type  of  filament  used  in  the  tests, 
or  the  peculiarities  of  filament  processing  account  for  the  obvious  disparity.  The  average  value  of  the 
strength  at  room  temperature  is  about  3.8  GPa  and,  at  4 K,  about  5.8  GPa  (extrapolated). 
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Figure  4.1.  Tensile  strength  of  E-glass  fiber  versus  temperature. 
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5.  Thermal  Contraction 


The  thermal  contraction  of  glass  fibers  has  not  been  measured  at  low  temperatures.  In  Fig- 
ure 5.1,  the  contraction  from  room  temperature  to  4 K of  four  types  of  glass  from  four  different  re- 
ports is  presented.  These  data  were  taken  from  the  critical  review  by  Corruccini  and  Gniewek  [5.1]  of 
a number  of  earlier  studies.  Clearly,  on  cooling  to  4 K,  the  amount  of  contraction  of  glass  is  at  least  a 
factor  of  10  less  than  that  of  epoxy.  The  contraction  of  the  unidirectional  composite  of  about  0.1%  on 
cooling  from  295  to  4 K (detailed  in  §V)  suggests  that  the  actual  contraction  of  E-glass  is  of  the  same 
order,  and  it  is  much  more  than  that  of  silica  glass.  The  thermal  contraction  of  E-glass  is  much  less 
than  that  of  resins— approximately  10%  on  cooling  from  295  to  4 K.  See  §111.6  for  the  thermal  con- 
traction data  of  resin  systems. 


TEMPERATURE,  K 


Figure  5.1.  Thermal  contraction  of  four  types  of  glass. 
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6.  Thermal  Conductivity 


Low-temperature  thermal-conductivity  data  compiled  by  Childs  et  al.  [6.1]  are  presented  in 
Figure  6.1.  There  is  good  agreement,  despite  the  variety  of  glasses  that  were  measured.  Notice  that 
the  thermal  conductivity  at  low  temperatures  is  higher  than  that  of  epoxy  resin  by  about  a factor  of  2 
(see  §111.7),  but  at  room  temperature,  the  E-glass  thermal  conductivity  is  about  a factor  of  6 higher 
than  that  of  epoxy  resins. 


Figure  6.1.  Thermal  conductivity  of  glasses:  1 - quartz-1;  2 - quartz-2; 
3 - quartz-3;  4 - Phoenix-1;  5 - Phoenix-2;  6 - glass; 

7 - Pyrex;  8 - Equerore  XRE  fiberglass  tow. 
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V.  Properties  of  Directionally  Reinforced  Composites 
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1.  Mechanical  Properties 
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The  tensile,  compression,  and  in-plane  shear  properties  were  measured  at  295, 
76,  and  4 K for  0°  and  90°  unidirectional  fiber  orientations  and  +45°  fiber  orienta- 
tions. E-glass  was  the  fiber  reinforcement  for  both  a DGEBA-base  epoxy  and  a cya- 
nate  ester. 

In  general,  the  elastic  moduli  and  strengths  of  the  cyanate-ester  composite 
were  larger  than  those  of  the  epoxy  composite.  Yet,  in  resin-dominated  properties 
(e.g.,  in-plane  shear  strength,  90°  tensile  and  compression  properties),  the  epoxy 
composite  data  were  more  temperature  dependent.  This  trend  follows  that  found  for 
neat-resin  properties  (see  §III). 

Strengths  and  elastic  moduli  were  always  larger  at  low  temperatures.  Strengths 
increased  from  50  to  250%,  with  the  exception  of  the  tensile  strength  of  specimens 
with  0°  fiber  orientation.  For  the  0°  fiber  orientation,  elastic  moduli  increased  from 
10  to  15%,  and  for  the  90°  and  +45°  fiber  orientations,  from  25  to  about  150%. 

The  results  demonstrated  that  resin  selection  plays  a major  role  in  determining 
all  compression  properties,  tensile  properties  for  specimens  with  90°  fiber  orientation, 
and  the  in-plane  shear  properties  of  specimens  with  +45°  fiber  orientation. 


1.1  Introduction 

Many  predictive  models  of  fiber-reinforced-composite  mechanical  behavior  rely  on  the 
primary  data  of  directionally  reinforced  fiber  composites.  Data  on  plates  made  with  direc- 
tionally oriented  fibers  are  relatively  easy  to  obtain  and,  therefore,  can  be  used  to  evaluate  of 
the  effectiveness  of  various  resins  in  enhancing  the  low-temperature  performance  of  composites. 

In  this  study,  only  two  resin  systems  with  E-glass  fiber  reinforcement  were  evaluated: 
the  DGEBA/DCH/ARA/ACL  epoxy  and  the  cyanate-ester  resin  systems.  Owing  to  time 
constraints  and  other  priorities,  the  vinyl-ester  and  polyester  resin  systems  were  not  included. 
However,  in  the  future,  these  two  systems  should  also  be  studied. 
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Tensile  and  compression  tests  were  conducted  at  295,  76,  and  4 K on  specimens  with 
0°  and  90°  fiber  orientations.  The  longitudinal  direction  of  the  specimens  was  machined  at 
angles  of  0°  and  90°  to  unidirectional  fiber  lay-ups  and  +45°  to  a bidirectional  fiber  lay-up. 
Tensile  tests  were  performed  on  specimens  with  ±45°  fiber  orientations  to  obtain  in-plane 
shear  properties.  Moduli  and  ultimate  strength  data  were  obtained  for  each  type  of  test. 

Relatively  few  test  programs  have  been  previously  conducted  with  E-glass-reinforced, 
directionally  oriented  fiber  composites.  This  program  generated  the  first  mechanical-property 
data  at  low  temperatures  for  this  type  of  composite. 

1.2  Review  of  Literature 

Measurements  of  mechanical  properties  of  unidirectional  E-glass-reinforced  epoxy 
composites  are  scarce.  A summary  of  the  tensile,  compressive,  and  shear  properties  at  room 
temperature  for  E-glass  epoxy  composites,  taken  from  Reuton  [1.1],  Chamis  [1.2],  and  Scala 
[1.3],  is  presented  in  Table  1.1.  Great  disparity  exists  among  the  reported  values  from  these 
sources  for  the  transverse  (90°)  tensile  modulus,  the  transverse  (90°)  tensile  strength,  the  axial 
(Gj2)  shear  modulus,  and  the  short-beam  interlaminar  shear  strength.  Thus,  for  these  proper- 
ties, typical  values  could  not  be  presented,  but  the  range  of  values  given  in  these  three  sources 
is  provided  in  the  footnotes  of  the  table. 

No  low-temperature  mechanical  property  data  for  either  E-glass/epoxy  or  E-glass/ 
cyanate-ester  unidirectional  composites  were  found. 


Table  1.1.  Typical  room-temperature  properties  of  unidirectional  composites 
(60  vol%  E-glass-reinforced  epoxy). 


Tensile 

Longitudinal  (^n)  modulus  (GPa) 

44 

Transverse  (£32)  modulus  (GPa) 

(a) 

Poisson’s  ratio 

0.29 

Longitudinal  strength  (MPa) 

1100 

Transverse  strength  (MPa) 

(b) 

Compression 

Longitudinal  modulus  (GPa) 

32 

Transverse  modulus  (GPa) 

— 

Poisson’s  ratio 

— 

Longitudinal  strength  (MPa) 

620 

Transverse  strength  (MPa) 

140 

Shear 

Axial  (Gj2)  modulus  (GPa) 

(c) 

Normal  (G23)  modulus  (GPa) 

3.4 

In-plane  (interlaminar)  modulus  (GPa) 

4.8 

In-plane  (interlaminar)  Poisson’s  ratio 

0.3 

In-plane  (intralaminar)  strength  (MPa) 

83 

Short-beam  (interlaminar)  strength 

(d) 

(a)  Data  vary  from  4.8  to  12.4  GPa;  no  clear  average. 

(b)  Data  vary  from  28  to  97  MPa;  no  clear  average.  Since  the  tensile  strengths  of  neat 
epoxy  resins  vary  from  60  to  90  MPa  at  295  K,  the  low  values  of  transverse  tensile 
strengths  probably  reflect  material  or  test  inconsistencies. 

(c)  Data  vary  from  5.5  to  8.6  GPa;  no  clear  average. 

(d)  Data  vary  from  69  to  97  MPa;  no  clear  average. 
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1.3  Materials 


The  unidirectional  and  ±45°  fiber-reinforced  plates  were  prepared  from  E-glass  fibers  and 
DGEBA/DCH/ARA/ACL  epoxy  and  CE  cyanate-ester  resins. 

The  resins  are  discussed  more  thoroughly  in  §111.3.3  of  this  report.  Each  fiber  was  Type  M 
with  a 15.2-  to  16.5-)^m  diameter.  The  tow  of  these  fibers  had  a width  of  25.4  mm. 

The  epoxy-resin  plates  were  prepared  by  wet-filament  winding  each  ply  around  a mandrel, 
then  cutting  the  ply,  and  laying  each  upon  the  others  with  the  same  filament  orientation.  To 
produce  3-mm-thick  plate,  eight  plies  were  used.  The  effective  orientation  of  the  0°  and  90° 
fibers  is  estimated  at  ±2°  and  ±88°.  Hereafter,  they  are  labeled  0°  and  90°.  Similar  filament- 
winding  and  lay-up  procedures  were  used  for  the  ±45°  plates.  Both  3-mm-  and  6-mm-thick 
plates  were  prepared  with  the  0°  and  90°  fiber  orientations  and  3-mm-thick  plates  with  the 
±45°  fiber  orientation. 

The  epoxy-matrix  specimens  were  analyzed  for  fiber  and  void  content  by  the  manufacturer. 
One  3-nim-  and  one  6-mm-thick  plate  were  cut  into  three  specimens  each.  They  were  initially 
weighed  at  room  temperature,  then  warmed  to  590 °C  in  1 h and  held  at  that  temperature  for 
2 h.  After  cooling  to  room  temperature,  they  were  reweighed.  Table  1.2  lists  experimental 
measurements  and  calculations.  Fiber  volume  ranged  from  71  to  75  vol%  and  resin  void  con- 
tents ranged  from  8 to  9 vol  % . 


Table  1.2.  Measurements  of  unidirectional  panel  characteristics. 


Sample  Thickness 
(mm) 

Air  Wt. 
(g) 

Water  Wt. 
(g) 

Density 

(g/cm^) 

Fiber 

(vol%) 

Resin 

(vol%) 

Voids 

(vol%) 

3 

1.0143 

0.5441 

1.8588 

73.38 

18.52 

8.10 

3 

0.8353 

0.4996 

1.8667 

74.00 

17.11 

8.89 

3 

1.2036 

0.6616 

1.8140 

71.25 

19.68 

9.01 

Average 

72.87 

18.43 

8.69 

6 

0.9295 

0.4971 

1.8644 

73.89 

17.18 

8.93 

6 

0.8906 

0.4693 

1.8922 

75.24 

16.16 

8.60 

6 

0.7866 

0.4334 

1.8096 

71.03 

19.84 

9.12 

Average 

73.39 

17.73 

8.88 

1.4  Procedures 

Tensile  and  compression  tests  were  conducted  by  using  standard  ASTM  test  procedures: 
ASTM  D3039  for  tensile  tests  [1.4],  ASTM  D3410  for  compression  tests  [1.5],  and  ASTM 
D3518  for  in-plane  shear  tests  [1.6].  Specimen  dimensions  for  each  type  of  test  are  shown  in 
Figures  1.1  and  1.2. 
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For  tensile  tests  of  specimens  with  0°  fiber  orientation,  tabbed  ends  with  a bolted  friction 
grip  were  used  at  first,  but  at  low  temperatures  the  tabbed  ends  of  these  specimens  sheared  off 
in  the  grips.  To  increase  the  tensile  stress  in  the  reduced  section  of  the  specimens  relative  to  the 
shear  stress  in  the  tabbed-end  area,  the  reduced  section  was  machined  as  indicated  in  Figure 
1.1(a).  Subsequently,  all  failures  occurred  within  the  reduced  section. 


21  2.70mm 


1 2.70mm 


(a) 


(b) 


Figure  1.1.  (a)  Uniaxial  tensile  and  (b)  uniaxial  compression  specimen  dimensions. 
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Compression  tests  were  conducted  with  a Celanese  fixture,  which  produced  satisfactory 
compression  failures  at  all  test  temperatures.  All  tests  were  conducted  with  servohydraulic  load- 
ing machines  at  a load  rate  of  0.2  mm/s.  Cryostat  systems  were  used  that  have  been  previously 
described  [1.7].  Boiling  liquid  nitrogen  and  helium  were  used  to  obtain  temperatures  of  76  and 
4 K.  Two  strain  gages  oriented  parallel  to  the  loading  direction  were  used  to  acquire  the  elastic 
moduli;  for  Poisson’s  ratios,  a transverse-oriented  strain  gage  was  added. 


(a) 


(b) 


Figure  1.2.  (a)  ±45°  in-plane-shear  and  (b)  90°  tensile  specimen  dimensions. 
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1.5  Results 


The  results  of  the  tests  on  unidirectional  fiber-reinforced  composites  with  epoxy  and 
cyanate-ester  resin  matrices  are  presented  below. 

1.5.1  Epoxy-Resin-Matrix  Composites 

Individual  test  data  and  averages  for  the  DGEBA/DCH/ARA/ACL  epoxy-resin-matrix,  E- 
glass  fiber-reinforced,  unidirectional  composite  are  summarized  in  Tables  1.3,  1.4,  and  1.5  for 
fiber  orientations  of  0°,  90°,  and  ±45°,  respectively.  The  data  are  plotted  as  a function  of  test 
temperature  in  Figures  1 .3  and  1 .4.  The  compression  strength  and  modulus  were  always  higher 
than  similar  tensile  parameters,  except  for  the  0°  fiber  orientation  at  295  K. 

The  0°  tensile  and  compressive  moduli  increased  about  10%  at  low  temperatures;  in  strong 
contrast,  at  76  and  4 K the  ±45°  shear  modulus  was  more  than  200%  larger  than  the  shear 
modulus  at  room  temperature.  Another  strong  contrast  in  temperature-dependent  behavior  was 
the  distinction  between  the  90°  tensile  strength,  which  increased  about  20  to  30%  at  low 
temperatures,  and  the  90°  compressive  strength,  which  showed  a very  strong  increase  at  low 
temperatures— over  300%. 

Typical  stress-strain  curves  at  295  and  4 K are  shown  in  Figures  1.5,  1.6,  and  1.7  for 
tensile  tests  of  0° -fiber-orientation  specimens,  compression  tests  of  0°-fiber-orientation 
specimens,  and  compression  tests  of  90°-fiber-orientation  specimens,  respectively.  Plastic 
deformation  for  the  tensile  tests  of  0°-fiber-orientation  specimens  at  both  test  temperatures  is 
clearly  evident,  and  very  limited  inelastic  deformation  occurred  at  295  K in  the  compression 
tests  of  0° -fiber-oriented  specimens.  Tensile  tests  of  90° -fiber-oriented  specimens  resulted  in 
elastic  deformation  only. 
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Table  1.3,  Properties  of  unidirectional  E-glass-epoxy  composite  (0°  fiber  orientation). 


Type  of  Test, 
Fiber  Orientation 

Test 

Temperature 

(K) 

Elastic  Modulus 
(GPa)  (Msi) 

Poisson’s 

Ratio 

Strength 
(MPa)  (ksi) 

Tensile,  0° 

295 

39.6 

5.74 



1020 

148 

39.5 

5.73 

— 

1010 

146 

37.8 

5.49 

— 

1000 

145 

42.2 

6.12 

0.26 

— 

— 

Average 

39.8 

5.77 

0.26 

1010 

146 

76 

44.7 

6.49 

1370 

198 

42.5 

6.17 

1260 

183 

44.8 

6.50 

1330 

193 

Average 

44.0 

6.39 

1320 

191 

4 

50.0 

7.25 

1200 

173 

42.3 

6.13 

1060 

154 

43.2 

6.27 

1190 

193 

Average 

45.2 

6.63 

1150 

166 

Compression,  0° 

295 

— 

— 

807 

117 

53.1 

7.70 

845 

122 

51.1 

7.41 

749 

109 

47.9 

6.94 

675 

98 

Average 

50.7 

7.35 

769 

112 

76 

— 

— 

1510 

219 

54.1 

7.85 

1350 

196 

54.8 

7.95 

1350 

196 

54.1 

7.85 

— 

— 

Average 

54.3 

7.88 

1400 

204 

4 

56.5 

8.19 

1580 

228 

— 

— 

1550 

225 

53.7 

7.79 

1200 

173 

Average 

55.1 

7.99 

1440 

209 
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Table  1.4.  Properties  of  unidirectional  E-glass-epoxy  composite  (90°  fiber  orientation). 


Type  of  Test, 
Fiber  Orientation 

Test 

Temperature 

(K) 

Elastic  Modulus 
(GPa)  (Msi) 

Strength 
(MPa)  (ksi) 

Tensile,  90° 

295 

12.3 

1.78 

15.1 

2.19 

10.1 

1.46 

23.1 

3.34 

10.4 

1.51 

26.8 

3.88 

Average 

10.9 

1.58 

21.7 

3.14 

76 

16.9 

2.45 

15.8 

2.29 

17.4 

2.52 

40.7 

5.91 

14.9 

2.16 

39.0 

5.66 

Average 

16.4 

2.38 

31.8 

4.62 

4 

22.3 

3.23 

40.5 

5.87 

22.6 

3.27 

15.8 

2.28 

17.1 

2.48 

39.0 

5.65 

Average 

20.7 

2.99 

31.8 

4.60 

Compression,  90° 

295 

— 

— 

88.3 

12.8 

— 

— 

84.8 

12.3 

— 

— 

86.9 

12.6 

— 

— 

86.9 

12.6 

Average 

86.7 

12.6 

76 

— 

— 

252 

36.6 

21.0 

3.05 

290 

41.7 

22.8 

3.31 

315 

45.7 

20.9 

3.03 

264 

38.3 

Average 

21.6 

3.13 

280 

39.8 

4 

23.8 

3.45 

297 

43.1 

— 

— 

258 

37.4 

23.8 

3.45 

329 

47.7 

20.6 

2.99 

328 

47.6 

Average 

22.7 

3.30 

303 

44.0 
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Modulus,  GPa 


Table  1.5.  In-plane  shear  properties  for  E-glass-epoxy  composite 
(±45°  fiber  orientation). 


Test  Shear  Modulus  Shear  Strength 

Temperature  (GPa)  (Msi)  (MPa)  (ksi) 

(K) 


295 

3.87 

0.561 

40.6 

5.89 

3.34 

0.484 

55.1 

7.99 

4.26 

0.618 

42.8 

6.21 

5.18 

0.752 

34.4 

4.98 

Average 

4.16 

0.604 

43.2 

6.27 

76 

8.97 

1.30 

85.7 

12.4 

8.60 

1.25 

72.3 

10.5 

10.24 

1.48 

98.9 

14.3 

Average 

9.27 

1.34 

85.6 

12.4 

4 

10.21 

1.48 

84.1 

12.2 

12.10 

1.76 

66.5 

9.6 

9.47 

1.37 

80.0 

11.6 

11.49 

1.67 

85.6 

12.1 

Average 

10.82 

1.57 

79.0 

11.4 

Temperature,  K 

Figure  1.3.  Elastic  modulus  versus  temperature  for  E-glass-epoxy  composite. 
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Tensile  Stress,  MPa 


Temperature,  K 

Figure  1.4.  Strength  versus  temperature  for  E-glass-epoxy  composite. 


1600 


0 0.01  0.02  0.03  0.04  0.05 

Strain 

Figure  1.5.  Tensile  data  for  unidirectionally  reinforced  (0°)  E-glass-epoxy  composite. 
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Tensile  Stress,  ksi 


Compressive  Stress,  MPa 


1600 


Figure  1.6.  Compressive  data  for  unidirectionally  reinforced  (0°)  E-glass-epoxy  composite. 
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Compressive  Stress,  ksi 


1.5.2  Cyanate-Ester-Resin-Matrix  Composites 

Summaries  of  individual  test  data  and  averages  for  the  CE  cyanate-ester-resin  matrix, 
E-glass-reinforced,  unidirectional  composite  are  contained  in  Tables  1.6,  1.7,  and  1.8  for  fiber 
orientations  of  0°,  90°,  and  ±45°,  respectively.  In  Figures  1.8  and  1.9  the  data  averages  are 
plotted  as  a function  of  test  temperature. 

For  the  0°-fiber-orientation  composite,  the  compressive  strength  was  lower  than  the  tensile 
strength  at  295  but  higher  at  4 K and  76  K.  Thus,  the  dependence  on  temperature  was  much 
stronger  for  the  compressive  strength  (107%  increase  from  295  to  4 K)  than  for  the  tensile 
strength  (15%  increase)  for  this  fiber  orientation.  Both  the  tensile  and  compression  elastic 
moduli  showed  little  dependence  on  temperature,  and  they  were  about  equivalent. 

For  the  90°-fiber-orientation  composite,  the  compressive  strengths  were  much  higher  than 
the  tensile  strengths.  At  295  K,  the  compressive  strength  was  roughly  5 times  higher  than  the 
tensile  strength;  at  4 K,  the  advantage  of  the  compressive  strength  increased  to  about  a factor  of 
8.  The  compressive  strength  increased  from  295  to  4 K by  about  a factor  of  2 (100%),  whereas 
the  tensile  strength  was  less  temperature  dependent,  increasing  by  only  25%.  The  increase  of 
both  elastic  moduli  from  295  to  4 K was  about  50%,  much  larger  than  that  of  the  0°-fiber- 
orientation  data.  We  have  no  explanation  for  the  wide  divergence  between  the  tensile  and  com- 
pressive moduli  at  all  temperatures. 

The  in-plane  shear  strength  (±45°  fiber  orientation)  showed  little  dependence  on  tempera- 
ture, increasing  only  about  20%  at  low  temperatures.  However,  the  in-plane  shear  modulus 
increased  about  75%  on  cooling  from  295  to  4 K. 


Table  1.6.  Properties  of  unidirectional  E-glass-cyanate-ester  composite  (0°  fiber  orientation). 


Tensile  Tensile  Elastic  Compressive  Compressive 
Temperature  Strength  Modulus  Strength  Elastic  Modulus 

(K) 


(MPa) 

(ksi) 

(GPa) 

(Msi) 

(MPa) 

(ksi) 

(GPa) 

(Msi) 

295 

1413 

205 

53.2 

7.72 

882 

128 

54.5 

7.91 

1572 

228 

53.4 

7.75 

917 

133 

54.3 

7.87 

1348 

195 

53.3 

7.73 

884 

129 

54.7 

7.93 

Average 

1444 

209 

53.3 

7.73 

894 

130 

54.5 

7.90 

76 

1503 

218 

53.6 

7.78 

1589 

230 

56.3 

8.16 

1710 

248 

54.8 

7.95 

1853 

269 

54.7 

7.93 

1717 

249 

56.1 

8.14 

1724 

250 

53.4 

7.75 

Average 

1643 

238 

54.8 

7.96 

1722 

250 

54.8 

7.95 

4 

1779 

258 

55.9 

8.11 

1869 

271 





1544 

224 

55.8 

8.10 

1841 

267 

— 

— 

Average 

1662 

241 

55.9 

8.11 

1855 

269 

— 

— 
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Table  1.7.  Properties  of  unidirectional  E-glass-cyanate-ester  composite  (90°  fiber  orientation). 


Temperature 

(K) 

Tensile 

Strength 

Tensile  Elastic 
Modulus 

Compressive 

Strength 

Compressive 
Elastic  Modulus 

(MPa) 

(ksi) 

(GPa) 

(Msi) 

(MPa) 

(ksi) 

(GPa) 

(Msi) 

295 

32.1 

4.65 

20.0 

2.90 

163 

23.6 

18.1 

2.62 

33.7 

4.88 

16.1 

2.33 

134 

19.5 

14.8 

2.14 

29.9 

4.34 

15.6 

2.27 

177 

25.3 

17.7 

2.56 

Average 

31.9 

4.60 

17.2 

2.50 

158 

22.9 

16.8 

2.44 

76 

34.7 

5.03 





306 

44.4 

16.5 

2.39 

44.7 

6.48 

25.0 

3.63 

315 

45.7 

20.0 

2.90 

34.7 

5.04 

27.2 

3.95 

316 

45.9 

20.9 

3.03 

Average 

38.0 

5.52 

26.1 

3.79 

312 

45.3 

19.1 

2.77 

4 

42.4 

6.15 

25.9 

3.75 

302 

43.8 





37.9 

5.50 

— 

— 

342 

49.6 

25.9 

3.76 

328 

47.6 

23.9 

3.47 

Average 

40.2 

5.83 

25.9 

3.75 

324 

47.0 

24.9 

3.62 

Table  1.8.  In-plane  shear  properties  for  E-glass-cyanate-ester  composite 
(±45°  fiber  orientation). 


Temperature 

Shear  Strength 

Shear  Modulus 

(K) 

(MPa) 

(ksi) 

(GPa) 

(Msi) 

295 

105 

15.3 

5.11 

0.74 

102 

14.7 

6.07 

0.88 

107 

15.5 

5.42 

0.79 

Average 

105 

15.2 

5.53 

0.80 

76 

129 

18.8 

8.96 

1.30 

112 

16.3 

8.96 

1.30 

135 

19.5 

— 

— 

Average 

125 

18.2 

8.96 

1.30 

4 

112 

16.2 

10.07 

1.46 

130 

18.8 

9.17 

1.33 

Average 

121 

17.5 

9.62 

1.40 
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Strength,  MPa  Modulus,  GPa 


Temperature,  K 

Figure  1.8.  Elastic  modulus  versus  temperature  for  E-glass-cyanate-ester  composite. 


Temperature,  K 

Figure  1 .9.  Strength  versus  temperature  for  E-glass-cyanate-ester  composite. 
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1.6  Discussion 


1.6.1  Epoxy-Resin-Matrix  Composites 

The  room-temperature  properties  of  the  E-glass-epoxy  specimens  with  0°  fiber  orientation 
compare  well  with  the  published  data  for  epoxy-based  composites  with  the  exception  of  the 
longitudinal  compression  modulus.  (Compare  data  of  previous  test  results  given  in  Table  1.1 
with  our  data  given  in  Table  1.3  and  Figure  1.3.)  The  disparity  of  the  compression  modulus  at 
room  temperature  is  more  than  50%. 

There  is  reasonable  agreement,  also,  between  the  transverse  (90°)  tensile  modulus  and  in- 
plane shear  modulus  (±45°)  data  from  past  test  programs  and  the  current  one  for  epoxy-based 
composites.  However,  the  strength  data  in  these  orientations  (90°,  ±45°)  do  not  agree  well 
with  previous  data.  The  transverse  (90°)  tensile  and  compression  strength,  as  well  as  the  in- 
plane (±45°)  shear  strength,  which  were  determined  in  this  test  program,  are  all  considerably 
lower  (40%  or  more)  than  those  reported  in  Table  1.1.  Indeed,  the  strength  of  our  epoxy-based 
specimens  in  these  orientations  is  lower  than  that  of  the  neat  resins.  There  are  three  possible 
reasons  for  these  large  disparities:  (1)  the  high  porosity  (8  to  9%)  of  our  composite  specimens 
led  to  premature  failures  at  the  fiber-matrix  interface  or  within  the  resin  system;  (2)  the  high 
fiber  volume  fraction  led  to  regions  of  lack  of  adhesion  at  fiber-matrix  interfaces;  (3)  the 
effective  specimen  cross-sectional  areas  were  too  small  and  served  to  emphasize  the  composite 
inconsistencies  noted  in  items  (1)  and  (2). 


1.6.2  Cyanate-Ester-Resin-Matrix  Composites 

We  are  not  aware  of  previous  tests  of  E-glass-cyanate-ester  unidirectional  fibers  at  low 
temperatures.  The  cyanate-ester  data  compare  very  favorably  with  the  epoxy  results.  The  elastic 
moduli  for  the  cyanate-ester  composite  in  tension  and  compression  are  about  25%  higher  than 
the  moduli  of  the  epoxy-based  composite.  This  suggests  the  possibility  of  either  better  aligned, 
higher  density  fibers  or  much  lower  porosity  for  the  cyanate-ester  composites.  Of  the  three 
possibilities,  only  the  latter  was  substantiated  by  our  characterization  program. 

The  tensile  strengths  of  the  cyanate-ester  composite  are  about  40%  higher  than  those  of 
the  epoxy  composite  at  all  test  temperatures.  However,  at  room  temperature,  the  compressive 
strengths  of  the  two  resin  systems  are  much  closer  (that  of  the  cyanate-ester  composite  is  about 
20%  higher).  At  lower  temperatures,  the  compressive  strength  of  the  cyanate-ester  composite 
increases  more  than  that  of  the  epoxy  system. 

The  in-plane  shear  modulus  of  the  cyanate-ester  composite  is  larger  at  room  temperature 
than  that  of  the  epoxy  composite,  but  at  lower  temperatures,  the  epoxy  shear  modulus  increases 
much  more,  and  at  4 K,  is  about  15%  higher.  This  temperature  dependence  reflects  the  relative 
temperature  dependence  of  the  elastic  modulus  of  the  neat  resins.  Similarly,  the  temperature 
dependence  of  the  epoxy  composites  (90°  fiber  orientation)  in  tension  is  greater  than  that  of  the 
cyanate-ester  composites  for  the  same  conditions. 

At  all  temperatures,  the  in-plane  shear  strengths  of  the  cyanate-ester  composites  are  larger 
than  the  shear  strengths  of  the  epoxy  composites.  Nevertheless,  the  dependence  of  the  in-plane 
shear  strength  on  temperature  is  much  less  for  the  cyanate-ester  composite;  this  system  has  an 
increase  of  only  about  15%  from  295  to  4 K,  whereas  the  shear  strength  of  the  epoxy  system 
nearly  doubles  from  295  to  4 K. 
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The  percent  increases  in  average  strength  and  elastic  moduli  from  295  to  4 K are  sum- 
marized in  Table  1.9.  The  two  data  sets  are  very  similar.  Those  properties  that  are  not  very 
dependent  on  temperature,  and  thus  not  strongly  influenced  by  the  base  resin,  are  (1)  tensile 
strength  in  the  0°  fiber  orientation  and  (2)  tensile  and  compressive  elastic  moduli  in  the  0°  fiber 
orientation. 

All  the  properties  of  specimens  with  90°  and  ±45°  orientation  plus  the  compressive 
strength  of  specimens  with  0°  fiber  orientation  are  strongly  dependent  on  test  temperature  and, 
concurrently,  on  the  base  resin.  One  anomalous  result  is  the  temperature  dependence  of  the 
shear  strength  for  the  specimens  with  ±45°  fiber  orientation;  the  15%  increase  appears  too  low 
in  comparison  to  the  other  data  of  Table  1.9 

In  general,  the  properties  of  epoxy-base  composites  are  more  strongly  dependent  on  tem- 
perature than  are  the  properties  of  cyanate-ester-base  composites. 

Thus,  in  general,  the  absolute  strengths  and  elastic  moduli  of  the  unidirectional  composites 
with  the  same  fiber  reinforcement  (E-glass)  and  volume  percent  (~75)  do  not  correlate  with 
either  the  shear  or  tensile  strengths  of  the  base-resin  system.  However,  the  relative  temperature 
dependence  of  the  moduli  and  strengths  have  the  same  trends  as  the  neat  resins.  The  disparity 
of  the  elastic  moduli  and  strengths  between  the  two  resin  systems  should  provide  excellent 
information  for  analyses  of  the  properties  of  filament-wound  struts  with  similar  fiber  orienta- 
tions but  different  resin  systems. 


Table  1.9.  Percent  increase  in  average  property  data  from  295  to  4 K. 


Resin  System 

Property 

Fiber  Orientation 

0°  90°  ±45° 

Epoxy 

tensile  strength 

14 

47 

- 

compressive  strength 

87 

248 

- 

shear  strength 

— 

— 

84 

tensile  elastic  modulus 

12 

90 

— 

compressive  elastic  modulus 

8 

(a) 

— 

shear  modulus 

— 

— 

74 

Cyanate  Ester 

tensile  strength 

15 

51 

— 

compressive  strength 

107 

105 

— 

shear  strength 

— 

— 

15 

tensile  elastic  modulus 

5 

26 

— 

compressive  elastic  modulus 

(a) 

48 

— 

shear  modulus 

— 

— 

74 

(a)  Data  not  available  for  comparison 
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The  thermal  contraction  of  unidirectional  E-glass  filaments  (71  to 
75  vol%)  in  an  epoxy  matrix  was  measured  in  two  ways:  with  strain  gages  and 
a quartz-tube  dilatometer.  From  295  to  4 K,  the  measured  contraction  on  cool- 
ing was  0.13%  in  the  longitudinal  (0°)  fiber  orientation  and  about  0.4%  in  the 
transverse  (90°)  fiber  orientation. 


2.1  Introduction 

For  E-glass  uniaxial  plies  with  the  DGEBA/DCH/ARA/ACL  epoxy-resin  system, 
thermal  contraction  was  measured  from  295  to  4 K with  both  strain  gages  and  a quartz-tube 
dilatometer.  Specimens  were  oriented  parallel  to  the  fiber  direction  (0°)  and  transverse  to  the 
fiber  direction  (90°). 


2.2  Review  of  Literature 

The  thermal  contractions  of  unidirectional  fiber-reinforced  epoxy-base  composites  have 
been  measured  as  low  as  4 K only  by  Hartwig  and  Knaak  [2.1],  and  they  have  been  measured 
to  77  K by  Takeno  et  al.  [2.2].  Their  data  are  summarized  in  Table  2.1.  For  comparison,  con- 
traction measurements  on  cloth-reinforced  laminates  by  Hamelin  [2.3]  and  Kasen  et  al.  [2.4] 
are  also  included  in  the  table.  As  expected,  the  laminate  contractions  from  295  to  77  K are  less 
in  the  warp  or  0°  fiber  orientation  than  in  the  fill  or  90°  fiber  orientation.  In  each  case,  these 
differences  are  due  to  the  higher  fiber  volume  fractions  of  specimens  in  the  direction  parallel 
to  the  fibers.  To  the  same  degree,  for  specimens  of  both  fiber  orientations,  the  differences  be- 
tween the  contraction  data  of  Takeno  et  al.  and  those  of  Hartwig  and  Knaak  are  related  to  the 
differences  in  fiber  volume  fraction  (Takeno  et  al.  - 50  vol%;  Hartwig  and  Knaak  - 70  vol%). 
Hamelin’s  results  were  similar:  His  measurements  of  the  contractions  for  specimens  with  0° 
and  90°  fiber  orientations  were  larger  for  specimens  with  lower  densities;  the  larger  contrac- 
tions can  be  attributed  to  lower  volume  fraction,  since  the  density  of  epoxies  is  less  than  that 
of  the  glass  fibers. 
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2.3  Materials 


The  composite  measured  was  an  E-gl ass-reinforced,  DGEBA/DCH/ARA/ACL-epoxy 
matrix  composite,  which  has  been  described  in  §V.1.3.  Each  ply  of  the  composite  was  wet- 
fil ament- wound  with  unidirectional  E-glass  tows,  taken  off  the  mandrel  and  cut,  and  then 
carefully  laid,  keeping  all  filaments  parallel,  upon  the  previous  ply  to  form  a plate. 


2.4  Procedures 

For  each  specimen,  two  strain  gages  were  used  on  a composite  plate  with  unidirectional 
fibers.  One  was  oriented  to  measure  strain  in  the  direction  parallel  to  the  fibers  (0°);  the  other 
was  oriented  to  measure  strain  in  the  direction  transverse  to  the  fibers  (90°).  The  procedures 
for  strain-gage  measurement  have  been  extensively  discussed  in  §111.6.  The  data  reported  were 
obtained  during  warm-up  from  4 to  295  K. 


Table  2.1.  Thermal  contraction  of  unidirectional  fiber-  and  cloth-reinforced  epoxy-base  composites. 


Material 

Specimen 

Orientation 

(density) 

L295K  “ ^7 

L295K 

r=  4K 

X 100 

7=  77K 

Source 

Unidirectional  fibers. 

0° 



0.14 

Takeno  et  al. 

pultruded; 

90° 

0.57 

[2.2] 

E-glass-Araldite 

epoxy; 

— 50  vol  % fiber 

Unidirectional  fibers. 

0° 

0.162 

0.117 

Hartwig  and 

E-glass; 

DGEBA-base  epoxy; 

90° 

0.283 

0.333 

Knaak 

[2.1] 

70  vol%  fiber 

E-glass  cloth, 

0°  (p  = 2.15  g/cm^) 

— 

0.15 

Hamelin 

laminated 

0°  (p  = 1.80  g/cm^) 

— 

0.25 

[2.3] 

epoxy  matrix; 
pressure  varied 

90°  (p  = 2.15  g/cm^) 
90°  (p  = 1.80  g/cm^) 

— 

0.28 

0.71 

G-IOCR 

0° 

0.24 

0.22 

Kasen  et  al. 

90° 

0.71 

0.64 

[2.4] 

G-llCR 

0° 

0.21 

0.18 

Kasen  et  al. 

90° 

0.61 

0.54 

[2.4] 
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2.5  Results 


Using  strain-gage  sensors,  we  obtained  the  results  shown  in  Figure  2.1.  The  axial  (0°) 
contraction  was  about  0.13%  on  cooling  from  295  to  4 K.  The  contraction  in  the  direction 
transverse  (90°)  to  the  unidirectional  fibers  over  this  temperature  range  was  about  0.5%. 

The  data  from  the  quartz-tube  dilatometer  are  shown  in  Figure  2.2.  The  axial  (0°) 
specimen  data,  0.13%  contraction  from  295  to  4 K,  agree  almost  exactly  with  the  strain-gage 
data.  There  was  a small  difference  between  the  transverse  (90°)  data  of  the  two  techniques.  The 
dilatometer  measurements  indicated  a contraction  of  about  0.41  %— lower  than  that  indicated  by 
the  strain  gages.  The  reason  for  the  difference  is  not  clear.  Essentially  no  bias  was  detected 
between  the  strain-gage  and  dilatometer  measurements  done  on  a neat-epoxy  resin  (see  Figs. 

6.3  and  6.4  in  §3). 
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Figure  2.1.  Thermal  contraction  of  a uniaxial  composite  (E-Glass- 
DGEBA/DCH/ARA/ACL)  measured  with  strain  gages. 
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Figure  2.2.  Thermal  contraction  of  a uniaxial  composite  (E-Glass-DGEBA/ 
DCH/ARA/ACL)  measured  with  a quartz-tube  dilatometer. 


2.6  Discussion 

The  axial  (0°)  thermal  contraction  of  0. 12%  on  cooling  from  295  to  77  K agrees  very 
well  with  the  results  reported  by  Hartwig  and  Knaak  (0.17%  for  70  vol%  of  fiber).  We  mea- 
sured between  71  and  75  vol%  (see  Table  2.1  of  §V).  However,  our  data  are  also  comparable 
to  the  0.14%  contraction  measured  by  Takeno  et  al.  on  a composite  with  a fiber  volume  frac- 
tion of  only  50%. 

However,  our  measurements  of  0.385%  (dilatometer)  to  0.45%  (strain-gage)  contrac- 
tion in  the  transverse  (90°)  direction  (see  Figures  2.1  and  2.2)  are  higher  than  the  0.33%  con- 
traction measured  by  Hartwig  and  Knaak  for  a composite  with  similar  fiber  volume  fraction  on 
cooling  from  295  to  77  K.  As  one  would  expect  from  the  differences  in  fiber  volume  fraction, 
the  results  of  Takeno  et  al.  (0.57%  contraction)  are  higher. 
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The  thermal  conductivity  of  one  polymer  composite  was  measured  from  4.6 
to  310  K.  The  composite  contained  E-glass  fibers  in  a DGEBA/DCH/ARA/ACL 
epoxy  matrix.  The  conductivity  of  the  composite  material  was  determined  with  the 
heat  flow  was  parallel  and  transverse  to  the  fiber  direction. 


3.1  Introduction 

The  Superconducting  Magnetic  Energy  Storage  (SMES)  system  employs  polymer 
composite  tubes  that  must  provide  thermal  isolation  as  well  as  mechanical  support.  The  thermal 
conductivity  of  one  E-glass  polymer  composite  was  determined  parallel  and  transverse  to  the 
fibers  over  the  temperature  range  4.6  to  310  K. 


3.2  Review  of  Literature 

The  thermal  conductivity  of  uniaxially  oriented  glass-fiber-epoxy-matrix  composites  has 
been  measured  at  low  temperatures  [3. 1-3.4].  The  data  between  4 and  295  K from  these  studies 
are  summarized  in  Table  3.1.  At  4 K,  the  higher  the  glass  volume  fraction  of  the  composite, 
the  higher  the  thermal  conductivity.  Below  4 K,  however,  Radcliffe  and  Rosenberg  [3.2] 
reported  a reversal  of  the  trend  for  heat  flow  transverse  to  the  fibers,  and  at  2 K,  the  respective 
thermal  conductivities  were  0.020,  0.025,  and  0.031  for  77,  46,  and  33  vol%.  At  all  tempera- 
tures, specimens  parallel  to  the  fiber  direction  had  higher  thermal  conductivities  than  those 
transverse  to  the  fiber  direction.  In  general,  the  data  were  quite  similar  and  showed  little 
scatter. 


Radcliffe  and  Rosenberg  [3.2]  measured  the  thermal  conductivity  of  both  a neat-resin 
epoxy  and  a bundle  of  20,000  glass  fibers.  For  the  glass,  they  found  a dependence  on  tempera- 
ture of  about  r*  '®  at  very  low  temperatures,  a plateau  region  from  8 to  20  K,  and  thereafter  a 
steadily  increasing  thermal  conductivity  with  increasing  temperature.  At  100  K,  they  found  that 
the  thermal  conductivity  of  the  glass  fiber  was  approximately  4 times  higher  than  that  of  the 
epoxy.  At  2 K,  the  thermal  conductivities  of  both  the  glass  fiber  and  epoxy  were  the 
same— about  0.037  W/(m  • K). 
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Treatment  of  the  thermal  conductivity  of  fiber-reinforced  composites  at  very  low 
temperatures  on  the  basis  of  component  properties  has  been  discussed  by  Klemens  [3.5]  and 
Hartwig  and  Knaak  [3.6]. 

The  differences  in  thermal  conductivity  between  the  0°-  and  90°-  or  N-oriented  speci- 
mens at  all  temperatures  were  not  very  large.  Considering  the  large  differences  between  glass- 
fiber  and  epoxy  thermal  conductivities  at  temperatures  above  4 K found  by  Radcliffe  and 
Rosenberg,  the  similarity  of  the  uniaxial  thermal  conductivity  for  various  specimens  and  fiber 
orientations  is  surprising. 


Table  3.1.  Thermal  conductivity  of  directionally  reinforced  composites. 


Composite 
(vol%  fiber) 

Orienta- 

tion* 

Thermal  Conductivity,  X 

[W/(m*K)] 

Source 

4 K 

10  K 

50  K 

100  K 

200  K 

295  K 

[ref.] 

E-glass-epoxy 

0° 

0.054 

0.092 

0.22 

— 

— 

— 

Dmitrevsky  et 

(50) 

90° 

0.050 

0.085 

0.20 

— 

— 

— 

al.  [3.1] 

N 

0.045 

0.08 

0.18 

— 

— 

— 

E-glass-epoxy 

Radcliffe, 

(70) 

0° 

0.087 

0.16 

0.36 

— 

— 

— 

Rosenberg 

(45) 

0° 

0.070 

0.12 

0.28 

— 

— 

— 

[3.2] 

(35) 

0° 

0.063 

0.10 

0.24 

— 

— 

— 

(77) 

90° 

0.056 

0.12 

0.33 

— 

— 

— 

(46) 

90° 

0.051 

0.09 

0.22 

— 

— 

— 

(33) 

90° 

0.050 

0.08 

0.20 

— 

— 

— 

E-glass-epoxy 

0° 

0.10 

0.11 

0.22 

0.37 

0.54 

0.65 

Takeno  et  al. 

(-) 

N 

0.09 

0.11 

0.20 

0.35 

0.50 

0.60 

[3.3] 

E-glass-epoxy 

0° 

0.08 

0.10 

0.2 

0.3 

— 

0.6 

Evans,  Morgan 

(-) 

[3.4] 

* 0°  - parallel  to  fibers 
90°  - transverse  to  fibers  (in  plane) 
N - normal  to  fibers  (out  of  plane) 


3.3  Procedures 

Two  composite  specimens  were  sectioned  from  a 3.17-mm  (0.125-in)  thick  filament- 
wound  plate  of  E-glass  fibers  in  an  epoxy  matrix.  The  DGEBA/DCH/ARA/ACL  resin  system 
was  described  in  §111.3.  In  this  section,  the  resin  system  is  labeled  "B"  for  brevity.  Porosity 
ranged  from  8 to  9%  in  these  plates  (see  §IV.l).  The  manufacturer  of  the  plate  reported 
that  the  fiber  volume  fraction  was  64%. 

The  specimens  described  above  were  fabricated  by  cutting  several  small  sections  from 
the  manufactured  plate,  cementing  the  sections  together  with  a very  thin  layer  of  cyanoacrylate 
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adhesive,  and  then  cutting  the  specimens  with  a diamond  saw  to  the  sizes  listed  in  Table  3.2. 
All  dimensions,  an  average  of  eight  measurements,  are  accurate  within  +12  fim  (+0.0005  in). 
The  heat  flow  was  directed  parallel  to  the  E-glass  fibers  in  one  specimen  and  transverse  in  the 
other  specimen. 

The  procedure  used  to  measure  thermal  conductivity  of  these  composite  specimens  is 
identical  to  the  procedure  used  to  measure  the  thermal  conductivity  of  neat  resins  (described  in 
§ni.7.4). 


Table  3.2.  Description  of  E-glass-Resin  B composite  specimens. 


Orientation 

Length 

Area 

Heat  Flow 

(cm) 

(cm) 

Parallel  to  fibers  (0°) 

6.34 

160.0 

in  direction  of  fibers 

Transverse  to  fibers  (90°) 

6.34 

156.3 

across  direction  of  fibers 

3.4  Results 

The  thermal  conductivities  of  a E-glass-Resin  B composite  were  measured  over  the 
temperature  range  4.6  to  310  K and  in  two  directions:  parallel  (0°)  and  transverse  (90°)  to  the 
filaments.  The  experimental  data  obtained  for  both  directions  are  listed  in  Tables  3.3  and  3.4. 
The  function  that  best  fit  the  thermal  conductivity  data  for  the  two  directions  is 

6 

X(7-)  . J^a;[ln(r)r'.  (3-1) 

« = 1 

The  resulting  values  of  a-  for  the  two  specimen  orientations  are  listed  in  Table  3.3. 


Table  3.3.  Coefficients  of  \(T)  in  Equation  3.1. 


Specimen  Orientation  with 
Respect  to  Fibers 

Parallel  (0°) 

Transverse  (90°) 

1 

0.05846 

-0.03702 

2 

-0.20281 

-0.01492 

3 

0.31556 

0.13388 

4 

-0.15137 

-0.07778 

5 

0.03088 

0.01760 

6 

0.00217 

-0.00132 
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The  thermal  conductivity  data  (Tables  3.4  and  3.5)  and  the  relative  (percent)  deviation 
of  the  data  points  from  the  appropriate  fitted  curve  are  shown  in  Figures  3.1  and  3.2  for  speci- 
mens with  heat  flow  parallel  to  the  fibers  and  in  Figures  3.3  and  3.4  for  specimens  with  heat 
flow  transverse  to  the  fibers.  The  thermal  conductivities  for  both  types  of  specimens  and  for  the 
neat  resin  B are  shown  in  Figures  3.5  and  3.6. 


Table  3.4.  Experimental  thermal-conductivity  data  as  a function  of  temperature 
for  heat  flow  parallel  to  the  fiber  direction. 


Temperature 

Difference 

(K) 

Average 

Temperature 

(K) 

Thermal 

Conductivity 

rW/(m-K)] 

Cold  Bath 

1 

4.652 

0.097 

LH 

2 

5.190 

0.104 

4 

6.288 

0.119 

8 

8.511 

0.138 

16 

12.995 

0.156 

24 

17.510 

0.169 

32 

22.069 

0.182 

62 

39.970 

0.248 

1 

76.556 

0.372 

LN2 

2 

77.051 

0.367 

2 

77.057 

0.369 

4 

78.133 

0.372 

8 

80.258 

0.377 

16 

84.605 

0.391 

24 

88.836 

0.402 

32 

93.150 

0.413 

48 

101.83 

0.435 

64 

110.57 

0.455 

72 

115.08 

0.466 

1 

192.55 

0.656 

C02-alcohol 

2 

193.17 

0.630 

4 

194.34 

0.622 

8 

196.59 

0.621 

16 

201.16 

0.625 

32 

210.40 

0.623 

48 

219.75 

0.626 

64 

229.16 

0.630 

1 

273.72 

0.665 

Ice-water 

2 

274.31 

0.669 

4 

275.46 

0.668 

32 

291.67 

0.671 

64 

310.60 

0.682 
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Thermal  Conductivity,  [W/(m.K)] 


Temperature,  [K] 

Figure  3.1.  Thermal  conductivity  for  heat  flow  parallel  to  the  fiber  direction. 
Experimental  data  are  presented  as  discrete  points. 
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Figure  3.2.  Relative  deviations  of  the  experimental  and  calculated  thermal  conductivity 
for  an  E-glass-Resin  B specimen  with  a parallel  orientation. 
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Table  3.5.  Experimental  thermal-conductivity  data  as  a function  of  temperature 
for  heat  flow  transverse  to  the  fiber  direction. 


Temperature 

Difference 

(K) 

Average 

Temperature 

(K) 

Thermal 
Conductivity 
[W/(m  • K)] 

Cold  Bath 

1 

4.634 

0.062 

liquid  helium 

2 

5.167 

0.067 

4 

6.236 

0.076 

8 

8.384 

0.090 

16 

12.762 

0.108 

32 

21.678 

0.134 

64 

39.792 

0.185 

1 

76.522 

0.278 

liquid  nitrogen 

2 

77.031 

0.269 

4 

78.111 

0.270 

8 

80.203 

0.274 

16 

84.460 

0.281 

32 

92.890 

0.295 

48 

101.41 

0.308 

64 

109.99 

0.326 

1 

192.55 

0.428 

C02-alcohol 

2 

193.10 

0.425 

4 

194.24 

0.429 

8 

196.48 

0.431 

16 

200.91 

0.429 

32 

209.88 

0.425 

64 

228.06 

0.421 

1 

273.71 

0.438 

ice- water 

2 

274.27 

0.436 

4 

275.38 

0.435 

8 

277.63 

0.432 

8 

277.63 

0.433 

8 

277.64 

0.433 

16 

282.13 

0.430 

32 

291.20 

0.431 

64 

309.63 

0.434 
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Thermal  Conductivity,  [W/(m.K)] 


Figure  3.3.  Thermal  conductivity  for  heat  flow  transverse  to  the  fiber  direction. 
Experimental  data  are  presented  as  discrete  points. 
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Figure  3.4.  Relative  deviations  of  the  experimental  and  calculated  thermal  conductivity 
for  the  E-glass-Resin  B specimen  with  a transverse  orientation. 
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Thermal  Conductivity,  [W/(m.K)] 


Temperature,  [K] 


Figure  3.5.  Thermal  conductivity  of  the  composite  specimens  measured  in  this  study. 

The  data  of  the  neat  resin  B are  also  included  as  a reference.  Experimental 
data  are  presented  as  discrete  points.  The  temperature  scale  is  logarithmic, 
which  clarifies  the  behavior  at  low  temperatures. 
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Thermal  Conductivity,  [W/(m.K)] 


Temperature,  [K] 

Figure  3.6.  Thermal  conductivity  of  the  composite  specimens  measured  in  this  study. 

The  data  of  the  neat  resin  B are  also  included  as  a reference.  Experimental 
data  are  presented  as  discrete  points.  The  temperature  scale  is  linear, 
which  clarifies  the  behavior  at  high  temperatures. 
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3.5  Discussion 


The  following  discussion  compares  previous  measurements  with  the  results  presented  in 

Figures  3.5  and  3.6. 

1 . The  thermal  conductivity  at  4 K for  the  specimens  with  heat  flow  transverse  to  the  fibers 
was  about  65%  that  of  the  specimens  with  heat  flow  parallel  to  the  fibers.  Other  measure- 
ments indicated  little  difference  in  the  thermal  conductivities  of  the  two  orientations  at  4 K 
[3. 1-3.4]. 

2.  At  temperatures  above  50  K,  the  thermal  conductivity  of  the  transverse-oriented  specimens 
was  considerably  less  than  that  reported  by  Takeno  et  al.  [3.3].  Our  value  of  thermal  con- 
ductivity at  295  K was  about  0.44  W/(m  • K),  and  the  value  found  by  Takeno  et  al.  was 
about  0.60  W/(m-K). 

3.  Thus,  our  data  indicate  a much  larger  disparity  between  orientations  than  those  found  by 
Takeno  et  al.  [3.3]  or  by  Dmitrevsky  et  al.  [3.1]  at  higher  temperatures  and  Radcliffe  and 
Rosenberg  [3.2]  at  temperatures  from  4 to  80  K. 

4.  The  thermal  conductivity  of  our  parallel-oriented  specimens,  —0.10  W/(m*K),  agrees 
quite  well  with  that  of  fiberglass  bundles  as  measured  by  Radcliffe  and  Rosenberg.  At 
temperatures  from  4 to  100  K,  the  thermal  conductivity  of  the  fiberglass  bundles  increased 
more  rapidly  than  that  of  our  parallel-oriented  specimens,  and  at  100  K,  it  was  about 
0.65  W/(m*K),  whereas  the  thermal  conductivity  of  our  specimens  was  about  0.43  W/ 
(m*K).  This  difference  is  expected,  since  the  thermal  conductivity  of  the  resin  increases 
more  gradually  and  is  much  less  dependent  on  temperature. 
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A method  was  developed  for  assessing  the  influence  of  polymer  chemical 
composition  and  of  processing  parameters  on  the  magnitude  of  residual  stress 
developed  in  glass-fiber-reinforced  composites  subjected  to  various  cure  cycles  and 
subsequently  cooled  to  cryogenic  temperatures.  The  basic  approach  was  to  mea- 
sure the  strain  induced  on  a glass  substrate  by  a resin  cured  in  contact  with  the 
substrate  and  during  subsequent  cooling  to  77  K. 

Initial  studies  showed  that  curing  a simple  resin-glass  combination  produced 
strain  levels  high  enough  to  fracture  either  the  cured  resin,  the  glass  substrate,  or 
both,  thus  negating  the  value  of  the  tests.  This  problem  was  rectified  by  reinforc- 
ing the  resin  with  woven  fiberglass  cloth.  The  final  configuration  consisted  of  an 
axially  symmetric  tubular  specimen  in  which  a strain-gaged  glass  rod  was  held  at 
the  centerline  by  an  overwrap  of  glass  cloth  which  was,  in  turn,  confined  within 
an  external  aluminum  tube.  The  polymer  resin  was  introduced  by  vacuum  impreg- 
nation. The  output  of  the  strain  gages  on  several  specimens  run  simultaneously 
were  monitored  during  the  resin-cure  cycle  and  upon  cooling  to  77  K. 

The  test  method  was  applied  to  a study  of  nine  resin  types  including,  epoxy, 
vinyl-ester,  polyester,  cyanate-ester,  and  phenolic  formulations.  Results  showed 
that  the  method  was  capable  of  differentiating  between  strains  induced  by  each 
resin  type.  However,  the  data  suggest  the  possibility  that  the  results  obtained  with 
certain  resin  types  may  be  somewhat  influenced  by  interaction  with  the  mold  used 
to  contain  the  resin.  The  data  also  suggest  that  the  polyester  resin  develops  sub- 
stantially less  overall  residual  strain  than  do  the  other  resin  systems. 


4.1  Introduction 

A major  factor  controlling  the  ultimate  strength  of  a fiber-reinforced  composite  at 
cryogenic  temperatures  is  the  magnitude  of  the  residual  stress  existing  in  the  composite  at  that 
temperature.  High  residual  stress  can  preload  the  structure  to  the  extent  that  failure  occurs  at  a 
substantial  reduction  in  externally  applied  stress.  Residual  stresses  also  reduce  the  fatigue  life  of 
the  composite. 
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Residual  stresses  develop  due  to  differences  in  thermally  induced  contraction  between  the 
reinforcing  fiber  and  the  polymer  matrix.  For  a given  type  of  reinforcing  fiber,  the  magnitude 
of  the  residual  stress  at  cryogenic  temperatures  is  determined  by  strain  created  by  (a)  contrac- 
tion of  the  resin  during  the  cure  process  and  (b)  thermal  contraction  of  the  cured  resin  during 
cooling  to  cryogenic  temperatures.  The  latter  of  these  can  be  determined  by  conventional  tech- 
niques; however,  little  effort  has  been  made  to  develop  methods  for  assessing  residual  stress 
arising  from  strains  induced  during  the  cure  process  or  to  determine  the  influence  of  resin 
chemical  composition  or  processing  parameters  on  the  level  of  residual  stress. 

The  objective  of  this  study  was  to  develop  a method  for  assessing  the  magnitude  of  resid- 
ual strain  arising  from  each  of  these  sources  and  to  apply  the  method  in  a comparative  evalua- 
tion of  a series  of  candidate  polymer  resin  systems  for  cryogenic  composite  applications. 

4.2  Specimen  and  Test-Method  Development 

Studies  of  laminate  residual  strains  induced  during  the  cure  process  have  been  conducted 
by  means  of  embedded  strain  gages  [4.1]  and  by  development  of  warpage  in  cross-ply  laminates 
[4.2].  The  primary  objective  of  these  studies  was  to  determine  the  influence  of  ply-stacking- 
sequence  variations  on  residual  stress  and  strain.  These  techniques  were  judged  inappropriate 
for  the  present  work  because  they  assess  the  global  strain  in  the  interior  of  a laminated  compos- 
ite, whereas  we  were  interested  in  assessing  the  magnitude  of  strain  developed  at  a glass-resin 
interface  as  a function  of  resin  type.  Our  interest  was  confined  to  resins  adaptable  for  vacuum- 
impregnation  fabrication  methods. 

Our  basic  approach  was  to  monitor  the  strain  developed  at  a bulk  glass-resin  interface  by 
means  of  a strain  gage  attached  to  the  glass  surface.  We  elected  to  use  bulk  glass  so  as  to  pro- 
vide a substrate  that  applied  the  strain  uniformly  over  the  gage.  This  approach  enables  a quanti- 
tative ranking  of  interfacial  strains  developed  by  various  resin  systems.  It  does  not  necessarily 
provide  data  on  the  magnitude  of  strains  developed  in  a real  composite  system,  but  it  does 
produce  data  proportional  to  the  magnitude  of  such  strains. 

We  initially  examined  the  possibility  of  working  with  an  instrumented  glass  microscope 
slide  immersed  in  pure  resin.  However,  we  found  that  the  magnitude  of  strain  developed  during 
the  cure  cycle  was  sufficiently  high  to  cause  fracture  of  the  resin,  the  glass  substrate,  or  both, 
thus  negating  the  value  of  the  test.  Variations  in  geometry  of  the  test  specimens  failed  to  allevi- 
ate this  problem. 

We  therefore  investigated  several  specimen  configurations  in  which  a reinforcement  was 
added  to  the  resin.  The  most  satisfactory  configuration  appeared  to  be  the  that  shown  in  Figure 
4.1.  Here,  the  glass  substrate  was  a hollow  tube,  3.82-mm  i.d.  and  6.36-mm  o.d.  that  was 
slightly  bead-blasted  and  cleaned  prior  to  bonding  a single  Karma-alloy  strain  gage  to  its  sur- 
face about  12.7  mm  (0.05  in)  from  the  tube  bottom.  A type-E  thermocouple  was  placed  inside 
the  tube  directly  behind  the  gage  and  held  in  place  by  sealing  both  ends  of  the  tube  with  five- 
minute  epoxy.  The  tube  was  wrapped  with  a coarse-weave  fiberglass  cloth  and  inserted  into  an 
outer  mold  made  from  standard  aluminum  tubing,  63.5-mm  long,  12.70-nim  i.d.,  and  15.87- 
mm  o.d.  A coating  of  sealer  plus  mold  release  baked  at  120°C  was  applied  to  the  aluminum 
mold  to  minimize  adhesion  of  the  resin.  The  fiberglass  cloth  was  an  uncharacterized  material 
sold  locally  for  general  use.  Wrapping  with  a 43-cm  (17-in)  long,  5.35-cm  (2.5-in)  wide  section 
of  this  cloth  yielded  a fiber  volume  fraction  of  about  42%. 
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Instrumented  Class  Tube 


Aluminum  Tube  Mold 


type-E  thermocouple 


Glass  Cloth 


Sample  ready  for 
Resin  impregnation 


Impregnated  Sample 


Figure  4. 1 . Schematic  of  the  method  for  constructing  and  vacuum-impregnating  the 
test  specimens.  See  text  for  details. 


The  annular  space  between  the  glass  tube  and  the  aluminum  mold  was  vacuum-impreg- 
nated with  the  desired  resin  system.  This  was  accomplished  by  connecting  the  top  of  the  mold 
to  a vacuum  system  by  a short  length  of  plastic  tubing  and  connecting  the  bottom  of  the  mold 
to  a reservoir  of  degassed  resin  with  another  short  length  of  tubing.  The  bottom  tube  was 
pinched  off,  the  mold  was  evacuated,  and  the  lower  tube  was  opened  for  specimen  impregna- 
tion. The  vacuum  was  broken  and  a cap,  sealed  with  silicone  rubber  sealant,  was  placed  on  the 
bottom  of  the  aluminum  tube  to  prevent  drainage  of  the  resin.  The  two  or  three  specimens  used 
in  each  run  were  impregnated  simultaneously;  the  process  required  from  10  to  45  min,  depend- 
ing on  the  viscosity  of  the  resin. 

The  instrumentation  system  schematically  illustrated  in  Figure  4.2  enabled  monitoring  of 
the  strain  and  temperature  of  several  specimens  run  simultaneously.  During  the  cure  cycles, 
data  points  were  taken  every  20  s for  resin  systems  requiring  more  than  a 15-h  cure  time,  and 
every  10  s for  systems  requiring  shorter  cure  times.  Data  points  were  taken  every  3 s during 
the  cryogenic  cooling  cycles. 
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Thermocouple 


Computer 


Figure  4.2.  Schematic  of  the  instrumentation  system  used  to  monitor  changes  in  strain 
during  the  cure  cycle  and  during  cooling  to  77  K. 
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The  specimens  were  heated  to  the  cure  temperature  in  an  air-circulating  oven  and  were 
cooled  by  natural  convection  with  the  oven  door  open.  Heating  time  to  100°C  was  approxi- 
mately 50  min,  and  cooling  time  from  100°C  to  room  temperature  was  approximately  150  min. 

The  effect  of  cryogenic  cooling  on  the  residual  strain  was  determined  by  slowly  introduc- 
ing the  specimens  into  a dewar  of  liquid  nitrogen,  using  the  sensible  heat  of  the  nitrogen  vapor 
for  precooling,  while  monitoring  strain  and  temperature  wi±  the  same  apparatus  as  that  used 
for  monitoring  the  cure.  Strain  was  also  monitored  during  specimen  warm-up,  during  which  the 
specimens  were  removed  from  the  dewar  at  the  same  rate  as  for  insertion.  A complete  cycle 
required  about  3 h. 

4.3  Experimental  Materials 

As  summarized  on  Table  4.1,  the  program  evaluated  four  epoxy  resins,  one  polyester 
resin,  one  vinyl-ester  resin,  and  three  cyanate-ester  resins.  These  systems  will  be  referred  to  by 
the  identification  code  given  in  Table  4.1.  The  chemical  abbreviations  are  defined  Table  2.2  of 
§111.2. 


Table  4.1.  Experimental  resins. 


I.D.  Letter 

Abbreviation* 

Cure  Cycle 

Epoxies: 

A 

NV/AN/ACL 
(CTD  proprietary) 

24  h @ 125°C 

D 

DGEBA/ALA/ACL 

72  h @ 25°C 

(CTD  proprietary) 

16  h @ 85°C 

B 

DGEBA/DCH/ARA/ACL 
(Addax  proprietary) 

4 h @ 170°C 

E 

DGEBF/CTBN/AN 

ramp  to  121  °C  over  5 h; 

(Addax  proprietary) 

hold  10  h @ 121  °C 

Polyester: 

P 

PE/MEKP 

75  h @ 25 °C  (RT); 

(Owens-Corning) 

1 h @ 120°C  (postcure) 

Vinyl  Ester: 

M 

VE/CHX 

(Dainippon  Ink  & Chemicals) 

1 h @ 155°C 

Cyanate  Esters: 

I 

CE/HTBN/NPh/Cu.AA 

4 h @ 121°C 

(Rhone-Poulenc) 

4.5  h @ 121  °C  (postcure) 

G 

CE/VT/Co.AA 

2 h @ 121°C  -1-  2 h @ 176°C; 

(Dow  Chemical) 

2 h @ 246 °C  (postcure) 

R 

CE(PT) 

(Allied  Signal  proprietary) 

12  h @ 110°C 

*See  Table  2.2  of  §111.2  for  description. 
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4.4  Resins 


The  strains  measured  during  cure  and  during  cryogenic  cooling,  plus  the  average  total 
strain  from  both  sources  are  reported  for  each  polymer  system  in  Table  4.2  and  appear  as  bar 
graphs  in  Figures  4.3  through  4.5.  The  curing  strains  were  taken  as  the  strain  differential  be- 
tween the  heating  curve  and  cooling  curve  at  30°C.  The  cryogenic  cooling  strains  were  taken 
as  the  strain  induced  by  cooling  from  room  temperature  to  77  K. 


Table  4.2.  Experimental  results. 


Cure  Strain,  x 

10-^ 

Cooling  Strain 

, X 10- 

-6 

Total  Strain, 

Resin 

#1 

#2 

#3 

Ave.* 

#1 

#2 

#3 

Ave. 

X 10"^ 

Epoxies: 

A 

-225 

-250 

— 

-237 

-1090 

-1400 

— 

-1245 

-1898 

D 

+ 8 
-370 

-25 

-730 

-70 

-780 

~0  (RT) 
-626  (PC) 

-700 

-400 

-800 

-967 

-1593 

B 

-800 

-800 

— 

-800 

-1500 

-1800 

— 

-1650 

-2450 

E 

-525 

-675 

— 

-600 

-1700 

-1900 

— 

-1800 

-2400 

Polyester: 

P 

+42 

-70 

+ 25 
-412 

-70 

-177 

~0  (RT) 
-219  (PC) 

-750 

-650 

-650 

-683 

-902 

Vinyl  Ester: 

M -400 

Cyanate  Esters: 

-370 

-322 

-364 

-1200 

-1380 

1350 

-1310 

-1632 

I 

-700 

-790 

-975 

-821 

-1450 

-1500 

1720 

-1556 

-2377 

G 

-1400 

-1550 

-1750 

-1567 

-675 

-1750 

— 

-1212 

-2779 

R 

-818 

-586 

-737 

-714 

-950 

-1100 

-620 

-820 

-1604 

*RT  = room-temperature  cure;  PC  = postcure 
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COMPRESSIVE  MICROSTRAIN 


4.4.1  Cure-Process  Strains 


The  processing  strains  appeared  to  fall  within  three  general  groups  (Fig.  4.3).  The  lowest 
strains  were  developed  by  the  epoxy  A,  the  polyester  P,  and  the  vinyl-ester  M materials.  Epox- 
ies E,  B,  and  D and  the  cyanate  esters  I and  R formed  a somewhat  higher  strain  group.  The 
strain  developed  by  the  cyanate  ester  G was  by  far  the  highest  of  this  group,  about  7 times 
higher  than  that  developed  by  the  epoxy  A and  polyester  P materials. 


Figure  4.3.  Average  overall  strains  were  determined  for  the  studied  resin  systems  during  the 
cure  cycle  from  room  temperature  to  the  cure  temperature  and  return  to  room 
temperature.  Error  bars  denote  the  spread  of  data  for  the  several  specimens  run 
simultaneously. 
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COMPRESSIVE  MICROSTRAIN 


4.4.2  Cryogenic  Cooling  Strains 

Somewhat  more  data  scatter  occurred  in  this  test  sequence  (see  Fig.  4.4)  than  in  the 
cure  cycle.  However,  the  data  indicate  that  the  polyester  P material  develops  the  lowest  strain, 
with  the  epoxy  D and  the  cyanate  ester  R materials  only  slightly  higher.  The  vinyl  ester  M,  the 
epoxy  A,  and  the  cyanate  ester  G materials  form  a group  developing  strains  about  1.8  times 
higher  than  that  of  the  polyester  P material.  Epoxies  B and  E,  along  with  the  cyanate  ester  I 
material,  developed  the  highest  cooling  strains,  about  2.5  times  that  of  the  polyester  P material. 


Figure  4.4.  Average  overall  strains  determined  for  the  cured  resin  systems  during  subsequent 
cooling  to  77  K.  Error  bars  reflect  the  spread  of  data  on  several  specimens  run 
simultaneously. 
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COMPRESSIVE  MICROSTRAIN 


4.4.3  Total  Strain 


The  data  in  Figure  4.5  indicate  that  the  least  overall  residual  strain  due  to  processing 
plus  cooling  to  cryogenic  temperatures  occurs  in  the  polyester  P material.  The  epoxies  A and 
D,  the  vinyl  ester  M,  and  the  cyanate  ester  R appear  to  form  a group  developing  strains  about 
1.8  times  higher  than  the  polyester.  Epoxies  B and  E plus  the  cyanate  ester  I developed  yet 
higher  strains,  about  2.7  times  that  of  the  polyester.  The  highest  overall  strain  was  developed 
by  the  cyanate-ester  G formulation. 
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Figure  4.5.  Average  overall  strains  determined  for  the  studied  resin  systems 
subjected  to  the  cure  cycle  plus  cooling  to  77  K. 
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4.5  Analysis  of  Cure-Cycle  Strain  Curves 


Three  distinctly  differing  strain  behaviors  were  observed  during  the  cure  cycles  of  the 
tested  resin  systems.  They  are  referred  to  as  Types  1,  2,  and  3. 

4.5.1  Type  1 Behavior 

The  Type  1 behavior  had  the  appearance  shown  in  Figure  4.6  and  was  characterized 
by  a smoothly  increasing  compressive  strain  from  room  temperature  to  cure  temperature,  little 
change  in  strain  during  holding  at  the  cure  temperature,  and  a relatively  smooth,  monotonic 
decrease  in  strain  from  the  cure  temperature  to  room  temperature.  This  type  of  behavior  was 
observed  in  all  the  curves  developed  from  epoxy  A and  the  vinyl  ester  M,  and,  for  the  postcure 
process,  from  the  polyester  P resin  system.  (The  initial  room-temperature  cure  of  the  polyester 
P resin  system  produced  a negligible  strain  change.) 

The  strain  induced  by  heating  the  specimens  from  room  temperature  to  the  cure  tem- 
perature primarily  reflects  dimensional  changes  in  the  glass  substrate.  The  data,  therefore, 
indicate  that  the  glass  used  in  this  experiment  has  a negative  coefficient  of  thermal  expansion 
in  the  temperature  range  studied,  inducing  thermal  contraction  on  heating  and  placing  the  gage 
in  compression.  Equivalent  strain-temperature  behavior  was  observed  for  all  resin  systems  dur- 
ing this  heating  phase. 

No  significant  strain  changes  were  observed  while  holding  at  the  cure  temperature.  This 
is  attributed  to  the  cure  temperature  being  above  the  glass  transition  (T^)  temperature,  where 
relaxation  processes  operate  to  relieve  the  strain. 

Upon  cooling  from  the  cure  temperature  to  the  T^,  a tendency  toward  retracing  the 
heating  curve  is  expected,  since  the  strain  level  would  continue  to  be  dominated  by  the  expan- 
sion characteristics  of  the  glass  substrate.  However,  when  the  point  is  reached,  the  transfor- 
mation of  the  resin  into  the  glassy  state  would  introduce  strains  due  to  thermal  contraction  of 
the  resin.  These  strains  would  counterbalance  those  arising  from  expansion  of  the  glass  sub- 
strate, causing  a deviation  of  the  cooling  curve  to  a lower  slope.  This  is  observed  in  Figure  4.6 
and  suggests  that  the  for  the  epoxy  A resin  is  in  the  vicinity  of  1 12°C. 

4.5.2  Type  2 Behavior 

The  Type  2 behavior  had  the  appearance  shown  in  Figure  4.7.  The  heating  portion  of 
the  curve  resembles  that  of  the  Type  I behavior;  however,  the  cooling  portion  of  the  curves  are 
essentially  horizontal  and  contain  a series  of  random,  sharp  strain  changes,  in  which  a perturba- 
tion of  the  strain  in  one  direction  is  usually  followed  by  a countering  perturbation  in  the  other 
direction.  This  behavior  was  observed  in  all  the  curves  generated  with  the  B and  E epoxy  sys- 
tems and  with  the  cyanate  ester  I,  G,  and  R systems.  The  sharpness  of  the  perturbations  suggest 
that  they  were  not  created  by  normal,  thermally  activated  processes  but  rather  by  some  repeti- 
tive mechanical  phenomena. 

The  underlying  cause  of  these  sharp  perturbations  is  not  fully  understood  at  this  time. 
However,  the  appearance  of  the  perturbations  is  consistent  with  the  operation  of  a "stick-slip" 
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Figure  4.6.  Strain  curves  produced  by  the  epoxy  A resin  system  during  heating  to  the  cure  tempera- 
ture and  cooling  to  room  temperature.  Note  the  relative  smoothness  of  the  cooling  curves 
compared  with  those  in  Figure  4.7. 


Temperature  {°C) 

Figure  4.7.  Strain  curves  produced  by  the  cyanate-ester  R resin  system  during  heating  to  the  cure 
temperature  and  cooling  to  room  temperature.  The  curves  show  significant  strain 
perturbations  on  the  cooling  cycle. 
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Microstrain 


type  of  phenomenon  that  could  be  taking  place  between  the  cured  specimen  and  the  inner 
surface  of  the  aluminum  mold.  Localized  sticking  of  the  cured  resin  to  the  walls  of  the  mold 
would  restrict  longitudinal  contraction  of  the  specimen  during  cooling  and  would  cause  the 
strain  gage  to  sense  a less  than  normal  strain,  thus  driving  the  curve  upward.  Subsequent  lo- 
calized unsticking  of  the  specimen  from  the  aluminum  tube  wall  in  response  to  the  contraction 
stress  would  cause  the  gage  to  sense  a sudden  increase  in  strain,  driving  the  curve  downward. 
As  the  driving  force  for  contraction  increases  with  lowering  of  temperature,  such  a mechanism 
could  become  repetitive,  causing  the  observed  strain  perturbations.  This  theory  assumes  that  the 
resin  systems  in  which  the  perturbations  are  observed  have  characteristics  enabling  them  to  ad- 
here to  the  aluminum  mold  despite  the  use  of  a mold  release,  while  the  resin  systems  in  which 
the  phenomenon  is  not  observed  do  not.  This  has  not  been  verified. 

The  extent  to  which  the  strain  perturbations  might  be  artificially  biasing  the  final  re- 
sidual strain  values  obtained  during  the  cure  cycle  was  of  some  concern.  We  evaluated  this  by 
subjecting  an  epoxy  E specimen  that  had  shown  substantial  perturbations  on  the  initial  cooling 
curve  to  a reheating  cycle  from  room  temperature  to  the  cure  temperature  and  a return  to  room 
temperature.  Figure  4.8  shows  that  the  reheating  yielded  a strain  profile  very  similar  to  that  of 
the  original  curve,  but  without  the  perturbations,  suggesting  that  the  presence  of  the  perturba- 
tions is  not  significantly  biasing  the  overall  strain  results.  The  absence  of  perturbations  on  the 
reheating  curve  gives  added  support  to  the  slip-stick  theory  of  their  formation. 


Temperature  (°C) 

Figure  4.8.  The  erratic  curve  was  developed  during  the  initial  cooling  cycle  of  an  epoxy  E 
specimen  from  cure  temperature  to  room  temperature.  The  smooth  curve  was 
developed  during  recycling  this  specimen  to  and  from  the  cure  temperature. 
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4.5.3  Type  3 Behavior 


The  Type  3 behavior  was  observed  during  the  room-temperature  cure  (Fig.  4.9)  and 
during  the  subsequent  elevated  temperature  postcure  (Fig.  4.10)  of  the  epoxy  D resin  system. 

The  room-temperature  cure  was  characterized  by  an  increase  in  strain  between  1500 
and  2500  min  of  holding  time,  following  which  the  strain  sharply  recovered  and  subsequently 
underwent  a more  gradual  recovery  such  that  relatively  little  residual  strain  existed  at  the  end  of 
the  4800-min  cure  cycle.  From  the  heating  curves  of  the  previous  figures  (cf..  Fig.  4.6),  we 
observe  that  an  increase  in  microstrain  of  -90  to  -160  is  consistent  with  contraction  of  the  glass 
substrate  in  response  to  a temperature  rise  on  the  order  of  40 °C.  Such  a temperature  rise  could 
be  caused  by  isothermal  heating  concomitant  with  activation  of  a cross-linking  reaction  in  the 
resin.  Completion  of  the  reaction  would  remove  the  heat  source,  allowing  the  glass  substrate  to 
cool,  thereby  decreasing  the  measured  strain;  however,  it  is  difficult  to  account  for  the  ob- 
served rapid  decrease  of  strain  on  this  basis. 

From  Figure  4.10  it  is  seen  that,  aside  from  a few  small  perturbations  early  in  the 
cycle,  heating  to  the  postcure  temperature  produced  relatively  little  net  strain  change,  indicating 
that  the  strain  due  to  contraction  of  the  glass  substrate  is  being  counteracted  by  strain  due  to 
expansion  of  the  cured  resin.  Subsequent  holding  at  the  postcure  temperature  produced  a sub- 
stantial increase  in  compressive  strain.  This  result  is  consistent  with  the  holding  temperature 
being  above  the  temperature  where  the  strain  in  the  resin  could  relax,  allowing  contraction 
of  the  glass  substrate  to  dominate  the  measured  strain.  Note  that  the  approximately  -450  micro- 
strain increase  during  this  period  is  about  that  developed  by  heating  the  glass  substrate  to  95 °C 
(cf..  Fig.  4.6).  Note  also  that,  although  the  postcure  temperature  was  set  at  85 °C,  the  actual 
temperature  developed  in  the  specimen  was  10  to  15 °C  higher,  suggesting  the  onset  of  isother- 
mal heating  due  to  additional  cross-linking  reactions  during  the  postcure.  Cooling  from  the 
postcure  produced  little  net  change  in  strain.  Again,  it  can  be  assumed  that  the  tensile  strains 
developed  in  the  glass  substrate  and  compressive  strains  developed  in  the  resin  neutralized  each 
other. 


4.6  Analysis  of  the  Cryogenic  Cooling  Curve 

The  cryogenic  cooling  curves  for  some  of  the  resin  systems  (epoxy  E,  vinyl  ester  M, 
polyester  P,  and  cyanate  ester  I)  were  relatively  well  behaved,  showing  a gradual  increase  in 
strain  on  cooling,  with  a few  perturbations  in  the  vicinity  of -150°C.  Figure  4.11  shows  this 
behavior  in  the  epoxy  E resin.  Conversely,  the  cooling  curves  for  other  systems  (epoxies  A,  D, 
and  B,  and  cyanate  esters  G and  R)  showed  very  erratic  strain  excursions.  Figure  4.12  illus- 
trates this  behavior  in  the  epoxy  A resin.  As  shown  in  Figure  4.13,  repeating  the  cooling  cycle 
on  the  latter  material  produced  curves  without  the  perturbations,  indicating  that  the  erratic 
behavior  was  an  artifact  due  to  adhesion  of  the  resin  to  the  mold  or  to  some  other  factor  inter- 
fering with  uniform  contraction  of  the  resin.  This  procedure  was  followed  for  all  materials 
showing  erratic  behavior  on  initial  cooling. 
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Figure  4.9.  Strain  curves  produced  during  room-temperature  cure  of  epoxy  D. 
Note  the  similar  behavior  of  the  three  specimens. 


Figure  4. 10.  Strain  curves  produced  during  subsequent  postcure  treatment  of  epoxy  D. 
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Microstrain  Microstrain 


Figure  4.11.  Strain  curves  produced  by  cycling  epoxy  E specimens  to  77  K.  Note 
the  smoothness  of  these  curves  compared  to  those  in  Figure  4.12. 


Figure  4.12.  Strain  curves  generated  by  cycling  epoxy  A specimens  to  77  K. 
One  of  the  specimens  shows  very  erratic  strain  behavior. 
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Figure  4.13.  Strain  curves  produced  by  recycling  the  epoxy  A specimens  to  77  K, 
showing  that  recycling  eliminates  the  erratic  strain  excursions. 


4.7  Conclusions 

1.  The  experimental  methodology  developed  in  this  program  appears  to  be  capable  of  quantita- 
tively measuring  the  magnitude  of  residual  strains  developed  at  the  glass-polymer  interface 
of  a composite  material  during  the  cure  cycle  and  during  cooling  to  77  K. 

2.  The  experimental  methodology  appears  to  be  capable  of  distinguishing  between  the  residual 
strains  developed  by  differing  polymer  systems. 

3.  The  data  indicate  that,  among  the  materials  tested,  the  least  residual  stress  was  in  the  poly- 
ester P system.  Next  lowest  residual  stresses  were  found  in  the  vinyl-ester  M,  the  epoxies  A 
and  D,  and  the  cyanate-ester  R products.  Higher  residual  stresses  were  observed  in  the 
epoxies  B and  E and  in  the  cyanate-ester  I products.  The  highest  residual  stress  was  devel- 
oped by  the  cyanate-ester  G system. 

4.  The  presence  of  anomalous,  sharp,  strain  perturbations  in  some  systems  on  cooling  from  the 
cure  temperature  or  during  cooling  to  cryogenic  temperatures  indicates  that  the  specimen 
design  is  not  yet  perfected. 
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4.8  Recommendations  for  Future  Work 


Efforts  should  be  made  to  improve  the  specimen  construction  so  as  to  eliminate  ob- 
served spurious  strain  excursions.  It  appears  most  likely  that  this  problem  is  caused  by  failure 
of  the  contracting  resin  to  freely  release  from  the  inner  surface  of  the  aluminum  tube  used  in 
the  present  design.  Replacement  of  this  mold  with  a PTFE  mold  might  be  a workable  alterna- 
tive. This  problem  should  be  addressed  before  additional  studies  are  undertaken. 

Further  studies  should  be  undertaken  to  provide  the  basis  for  a systematic  selection  of 
resin  systems  for  use  in  composites  at  cryogenic  temperatures.  Among  these  are: 

1 . Studies  of  the  effect  of  varying  processing  parameters  on  the  residual  strain  induced  during 
the  cure  cycle.  It  would  be  of  particular  interest  to  determine  if  reducing  the  cooling  rate 
from  the  cure  temperature  reduces  residual  strain,  as  has  been  suggested  in  the  literature. 

2.  Studies  of  the  effect  of  variations  in  resin  chemical  composition  on  residual  strain.  For 
example,  there  is  some  evidence  in  the  literature  that  additions  of  small  amounts  of  accel- 
erator can  drastically  reduce  fatigue  life  at  cryogenic  temperatures,  suggesting  that  such 
additions  substantially  increase  residual  stress.  There  is  also  evidence  that  addition  of  certain 
amounts  and  types  of  flexibilizing  agents  can  substantially  increase  residual  stress  at  low 
temperatures.  This  experimental  method  is  well  suited  for  study  of  these  questions. 

3.  A logical  extension  of  this  work  would  be  to  correlate  the  residual-strain  data  obtained  by 
the  described  method  with  the  mechanical  performance  of  glass-fiber-reinforced  composites 
fabricated  from  each  of  the  studied  resins.  This  would  be  best  done  by  evaluating  off-axis 
strength  properties,  perhaps  using  the  +45°  in-plane  shear  test  method. 
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Tubes  with  different  resin  systems  and  lay-ups  were  tested  in  compression 
and  fatigue  at  295,  76,  and  4 K.  Compressive  strength  and  axial  modulus,  combined 
with  axial  and  hoop  strain,  were  measured  for  more  than  180  tubes  with  diameters 
ranging  from  100  to  250  mm  (4  to  10  in).  The  principal  results  are 

1.  Tube  compressive  strength  is  linearly  related  (to  the  first  order)  to  the  axial 
compressive  modulus. 

2.  Tube  compressive  strengths  were  about  50%  higher  at  low  temperatures 
than  at  room  temperature.  The  axial  compressive  moduli  were  about  15% 
higher  at  low  temperatures  than  at  room  temperature. 

3.  Significant,  temperature-independent  data  scatter  (<  +25%)  was  attributed 
to  material  variability  resulting  from  tube  production. 

4.  Optimum  fiber  lay-up,  based  on  both  strength  and  thermal  conductivity, 
consisted  of  predominantly  0°  to  10°  fiber-oriented  layers  with  a few  80° 
to  90°  fiber-oriented  layers. 

5.  Strengths  of  vinyl-ester-resin  tubes  were  equivalent  to,  or  lower  than,  those 
of  epoxy-resin  tubes.  Vinyl-ester  resins  should  be  considered  only  to  lower 
resin  or  production  costs. 

6.  Decreasing  the  diameter-to-thickness  ratio  from  20  to  10  resulted  in 
improved  axial  compressive  modulus  (8%)  and  strength  (10%)  for  tubes 
with  predominantly  10°  fiber  orientations. 

7.  Shorter  tube  lengths  (with  length-to-diameter  ratios  of  <7)  resulted  in 
higher  average  compressive  strengths  but  did  not  influence  maximum 
compressive  strengths. 

8.  Compressive  strengths  of  pultruded  tubes  were  less  than  those  of  filament- 
wound  tubes  of  equivalent  lay-up. 

9.  Strain-to-failure  values  were  about  30%  higher  at  low  temperatures  than  at 
room  temperature. 

10.  The  ratios  of  hoop  to  axial  strain  were  rather  constant  at  all  temperatures, 
except  for  the  room-temperature  ratios  of  tubes  with  no  80°  to  90°  fiber- 
oriented  layers.  The  ratios  for  these  tubes  were  much  larger. 

Very  little  compression  data  exist  on  E-glass-reinforced  composite 
tubes.  This  study  has  generated  an  extensive  amount  of  data  on  the  compression 
response  of  E-glass-composite  tubes  at  room  and  cryogenic  temperatures. 
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1 . Introduction 


The  currently  proposed  designs  for  the  Superconducting  Magnetic  Energy  Storage 
(SMES)  system  require  the  use  of  support  struts  that  can  withstand  high  compressive  loads  and 
10,000  load  cycles;  they  must  thermally  isolate  the  4-K  coil  from  the  room-temperature  outer 
structure.  The  struts  must  be  fabricated  of  relatively  low-cost  materials  that  provide  the  highest 
possible  ratio  of  strength  to  thermal  conductivity. 

This  study  concentrated  on  E-glass  fiber-reinforced  composites.  We  studied  six  different 
resins  with  E-glass  fiber  reinforcement  and  seven  different  lay-ups.  The  struts  were  in  the  shape 
of  tubes,  with  diameter-to-thickness  ratios  of  10  and  20  and  length-to-diameter  ratios  of  2.25, 
3.5,  4.75,  and  7.0.  For  this  program,  two  manufacturers  produced  tubes  by  filament-winding, 
one  by  pultrusion,  and  one  by  rubber  expansion. 

Compression  tests  were  conducted  at  295,  76,  and  4 K on  filament-wound  and  pul- 
truded  struts  that  ranged  from  102  mm  (4.0  in)  in  diameter  and  230  mm  (9.0  in)  long  to  250 
mm  (10.0  in)  in  diameter  and  1800  mm  (70  in)  long.  Ultimate  compressive  strengths,  moduli, 
and  strain-to-failure  data  were  obtained  from  the  tests. 

Fatigue  tests  were  conducted  on  some  lay-ups  at  295  and  76  K at  80,  70,  and  60% 
average  ultimate  compressive  strengths.  The  struts  were  fatigued  for  40,000  cycles  (four  times 
the  approximate  number  of  cycles  expected  during  SMES  lifetime)  and  then  loaded  to  failure  at 
295  K to  determine  residual  strength.  Strain  to  failure  versus  load  was  recorded  for  each  test. 
The  small  number  of  tubes  available  after  static  testing  precluded  a thorough  investigation  of 
fatigue  response.  However,  the  limited  amount  of  data  obtained  indicate  that  fatigue  life  in- 
creases at  lower  temperatures. 


2.  Review  of  Literature 

A great  deal  of  research  has  been  conducted  on  the  compression  behavior  of  composite 
materials.  Unfortunately,  very  little  effort  has  been  focused  on  the  compression  response  of 
E-glass-epoxy  tubes. 

Davis  reported  axial  compressive  strengths  of  1427  MPa  (207  ksi)  in  S-glass-epoxy 
tubes  that  were  13  mm  (0.5  in)  in  diameter  and  38  mm  (1.5  in)  to  76  mm  (3.0  in)  long  [2.1J. 
The  high  strengths  obtained  in  these  hand-manufactured  tubes  were  due  to  their  small  diameters 
and  the  carefully  aligned  axial  fibers. 

Using  a new  compression-test  technique  to  eliminate  edge  effects,  Swanson  et  al.  mea- 
sured axial  compressive  strengths  as  high  as  1230  MPa  (178  ksi)  in  larger  diameter  (38-mm, 
1.5-in)  graphite-epoxy  tubes  (AS4-3501-6)  [2.2];  using  the  same  test  procedure  with  specimens 
of  the  same  materials,  lay-up,  and  diameter,  Colvin  and  Swanson  obtained  an  ultimate  compres- 
sive stress  of  723  MPa  (113  ksi)  [2.3].  Colvin  and  Swanson  demonstrated  that  hoop  plies  adja- 
cent to  the  critical  axial  load-bearing  plies  help  to  stabilize  the  axial  plies  with  respect  to  micro- 
buckling,  with  the  degree  of  stabilization  depending  upon  the  in-plane  shear  stiffness  of  the 
adjacent  plies. 
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Khitrov  and  Kutarzhnov  demonstrated  that  adding  a circular  (hoop)  wind  to  low-angle 
helical  winds  improved  the  axial  compressive  strength  of  filament-wound  tubes  [2.4]. 

The  dependence  of  composite  compressive  strength  on  resin  tensile  modulus  was  shown 
by  a number  of  researchers:  Hahn  and  Williams  [2.5]  and  Greszczuk  [2.6]  noted  that  the  com- 
posite compressive-failure  mode  is  governed  by  material  properties  and,  along  with  Sohi  et  al. 
[2.7],  concluded  that  composites  containing  resins  with  high  tensile  moduli  have  higher  com- 
pressive strengths  than  composites  containing  other  resins. 

Shuart  [2.8],  Sinclair  and  Chamis  [2.9],  and  Colvin  and  Swanson  [2.3]  investigated  the 
failure  modes  of  composites  loaded  in  compression.  Of  these  investigators,  only  Colvin  and 
Swanson  investigated  the  failure  modes  of  axially  loaded  tubes.  Their  research  concluded  that 
microbuckling  governs  the  failure  in  the  0 “-fiber-dominated  graphite/epoxy  tubes  in  their  pro- 
gram. Shuart  and  Sinclair  and  Chamis  concluded  that  interlaminar  shear  is  the  dominant  mode 
of  failure  in  low-angle  (<15°),  compressively  loaded  composites. 

Although  few  data  are  available  on  the  compressive  strengths  of  axially  loaded  tubes, 
no  data  are  currently  available  on  the  cryogenic  compressive  properties  of  E-glass/epoxy  tubes. 
As  early  as  1964,  Brink  demonstrated  that  the  tensile  strength  of  E-glass/epoxy  increased  with  a 
change  from  room  temperature  to  20  K (-424°F)  [2.10].  Hanson  et  al.  investigated  the  strength 
of  filament-wound  glass-reinforced  plastics  (uniaxial,  NDL  rings,  cylinders)  at  cryogenic  tem- 
peratures [2.11].  His  results  agree  with  those  of  Brink:  tensile  strength  increases  with  decreas- 
ing temperature.  Neither  researcher  conducted  compression  tests  at  low  temperatures. 


3.  Materials 


For  economic  reasons.  E-glass  was  chosen  as  the  reinforcement  fiber  for  the  struts.  An 
S2-glass  fiber  was  used  in  one  of  the  filament-wound  lay-ups  for  comparison.  Typically,  the  E- 
glass  fiber  was  a continuous-strand,  silane-treated,  1100  TEX  (450  yd/lb)  product  having  the 
following  reported  nominal  values: 


tensile  strength: 
tensile  modulus: 
density: 
coefficient  of  linear 
thermal  expansion: 


2210  MPa  (320  ksi) 

72.4  GPa  (10.5  Msi) 

2.59  g/cm^  (0.0935  Ib/in^) 

5.4  X 10~^  mm/mm/°C  (3  x 10“^  in/in/°F) 


The  resins  chosen  for  the  fiber-reinforced  composites  in  this  study  and  the  correspond- 
ing composite-production  methods  are  given  in  Table  3.1.  The  characteristics  of  each  resin  are 
described  in  §111.3.3.2  and  summarized  in  §111.2. 


VI-3 


Table  3.1  Resin  systems  and  production  methods. 


Resin* 

Type 

Production 

Method 

DGEBA/DCH/ARA/ACL 

epoxy 

filament  winding 

DGEBA/ARA/DTA 

epoxy 

filament  winding 

VE-EL/MEKP 

vinyl  ester 

filament  winding 
& pultrusion 

DGEBF/CTBN/AN 

epoxy 

filament  winding 

DGEBA-ST/ARA/ACL/F 

epoxy 

pultrusion 

CE 

cyanate  ester 

rubber  expansion 
(hand  lay-up) 

*See  Tables  2.1  and  2.2  of  §111.2. 


4.  Procedures 

4.1  Tube  Fabrication  Methods 

The  support  tubes  were  fabricated  by  filament-winding,  pultrusion,  and  rubber-expan- 
sion (hand  lay-up)  methods.  Owing  to  the  relatively  high  initial  cost  of  pultrusion,  most  of  the 
tubes  produced  for  this  study  were  filament-wound.  Seven  different  lay-ups  were  fabricated  by 
five  different  suppliers.  Later  in  the  study,  one  lay-up  was  chosen  for  the  pultrusion  process. 
Ten  small-scale  tubes  were  fabricated  with  a vinyl-ester  resin  and  an  epoxy  resin,  and  ten  large- 
scale  tubes  were  fabricated  with  an  epoxy  resin.  Four  tubes  were  fabricated  with  the  rubber- 
expansion  method.  Filament-wound  tubes  were  made  by  manufacturers  referred  to  as  A,  B,  and 
C;  pultruded  tubes,  by  P;  and  rubber-expansion  tubes,  by  R.  The  details  of  tube  construction 
are  given  in  Appendix  A. 

One  of  the  objectives  of  this  study  was  to  compare  the  mechanical  properties  of  tubes 
produced  by  pultrusion  to  those  produced  by  filament  winding.  Although  the  initial  tooling 
costs  of  pultrusion  are  relatively  high,  the  overall  costs  of  the  automatic,  continuous  process 
may  be  competitive  when  producing  a large  number  of  tubes. 


4.1.1  Filament  Winding 

Manufacturing  a small  number  of  tubes  containing  an  olf-axis  lay-up  is  easily  and  inex- 
pensively accomplished  with  the  filament-winding  process.  Higher  fiber  volume  fractions  can 
be  obtained  from  filament  winding  than  from  other  manufacturing  processes  [4.1].  Other  advan- 
tages of  filament  winding  are:  low  initial  costs  and  easy  adaptability  of  fiber  off-axis  orienta- 
tions for  optimization  of  tube  fiber  lay-ups. 
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The  wet  filament-winding  process  was  the  predominant  method  of  fabricating  struts  for 
this  study.  Dry,  continuous-strand.  E-glass  fibers  (rovings)  are  pulled  off  supply  creels  while 
maintaining  a given  fiber  tension.  The  rovings  are  gathered  and  formed  into  a band  and  then 
drawn  through  the  resin  bath,  which  usually  has  a low  viscosity,  enabling  easy  and  thorough 
fiber  saturation.  The  resin-saturated  band  is  passed  through  a wiping  device  that  removes  excess 
resin.  Then  a numerical  or  computer-controlled  winding  apparatus  is  used  to  wind  the  impreg- 
nated band  onto  a mandrel. 

The  angle  of  the  roving  band  with  respect  to  the  mandrel  axis  is  called  the  wind  angle. 
Wind  angles  between  about  10°  (longitudinal  or  axial  winding)  and  82°  (transverse  or  hoop 
winding)  are  obtainable;  for  simplicity,  in  this  section  and  those  following,  the  most  nearly 
normal  and  transverse  angles  are  often  referred  to  as  0°  and  90°.  For  the  tubes  in  this  study, 
fiber  orientation  was  predominantly  axial.  To  provide  lateral  support  for  the  axial  fibers,  hoop 
windings  (from  90°  to  45°)  were  used  in  six  of  the  seven  lay-ups. 

The  lay-ups,  described  and  pictured  in  Appendix  A,  ranged  from  axial  [±10]  (e.g., 
tube  type  1)  to  near  quasi-isotropic  (e.g.,  tube  type  3).  Company  C manufactured  struts  that 
had  0°  oriented  fibers  and  off-axis  fibers  by  filament-winding  the  off-axis  fibers  (+23°  to 
±65°)  and  placing  layers  of  unidirectional  weft  roving  at  0°  along  the  mandrel  axis.  The  tube 
with  this  particular  lay-up  is  designated  type  1 1 . 


4.1.2  Pultrusion 

High  compressive  strengths  should  be  attainable  in  tubes  produced  by  the  pultrusion 
process  because  high  fiber  concentrations  and  fiber  orientations  parallel  to  the  tube  (and  load- 
ing) axis  are  possible.  The  high  fiber  tension  required  to  pull  the  fiber  through  the  fixture 
reduces  fiber  waviness. 

The  pultrusion  process  used  for  the  fabrication  of  large-scale  tubes  required  approxi- 
mately 1600  E-glass  supply  creels.  Located  in  bookshelf-type  holders,  the  creels  fed  continu- 
ous-strand rovings  into  a vertical-style  pultrusion  machine.  The  small-scale  tubes  required  fewer 
creels,  but  were  also  produced  in  the  vertical  machine. 

Basically,  continuous-strand  fibers  are  pulled  off  the  supply  creels,  passed  through  a 
guide  into  a resin  bath  and  then  into  a heated  steel  forming  die.  As  the  wetted  fibers  enter  the 
die,  the  composite  starts  to  gel,  and  as  it  exits,  the  composite  is  cured.  A continuous  strand  of 
cured  composite  enters  the  cutting  station,  where  parts  are  cut  to  length.  Small-scale  tubes  were 
constructed  in  the  same  manner  as  large-scale  tubes,  except  small-scale  tubes  require  fewer 
rovings.  Large-scale  tubes  were  constructed  as  follows: 

1.  At  the  top  of  the  machine,  nexus  cloth  was  placed  against  the  vertical  mandrel,  followed 
by  a 0.3-mm-thick  layer  of  0°,  250-yield  E-glass.  These  dry  fibers  passed  through  a 
resin  bath  and  formed  around  the  mandrel;  then  they  passed  down  through  a bushing, 
which  formed  the  fibers  to  the  mandrel. 

2.  A 0.5-mm-thick,  250-yield,  90°  hoop  wrap  was  applied  onto  the  thin  layer  of  0°  fibers; 
this  layer  then  passed  through  a resin  bath  and  down  through  the  next  bushing. 

3.  Three  wet  layers  of  0°,  57-yield  rovings  were  applied;  each  1.8-mm-thick  layer  was 
passed  through  a bushing. 
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4.  A 0.5-inm-thick,  250-yieId,  90°  hoop  wrap  was  wetted  and  applied  onto  the  previous 
layer  and  passed  through  the  next  bushing. 

5.  Another  three  layers,  each  1.8  mm  thick,  of  0°,  250-yield  rovings  were  wetted  and 
passed  through  the  next  three  bushings. 

6.  Another  90°,  250-yield,  0.5-nim-thick  hoop  was  applied  and  passed  through  the  bath  and 
bushing. 

7.  Another  nexus  layer  was  applied  to  the  outside  of  the  hoop  wrap. 

8.  The  wet  fibers  encompassing  the  mandrel  entered  the  heated  die,  where  the  resin  began 
to  harden. 

9.  A caterpillar-type  mechanism  pulled  the  cured  tube  from  the  die  to  the  area  where  tubes 
were  cut  to  the  desired  length. 


4.1.3  Rubber  Expansion 

Manufacturer  R fabricated  four  tubes  from  E-glass/cyanate-ester  prepreg  materials  in 
two  different  lay-ups:  [±10]„  and  [90/±45/03/+45/90]45— tube  types  26  and  27,  respectively. 

A 76.2-mm-diameter  mandrel  was  covered  with  a 12.7-mm-thick  sheet  of  calendered 
silicone  rubber.  A single  ply  of  Teflon-coated,  style-104  fiberglass  cloth  was  applied  to  the 
outside  of  the  rubber  sheet.  The  appropriate  build-up  of  E-glass  prepreg  was  placed  over  the 
Teflon-coated  cloth.  A cover  ply  of  Teflon-coated  cloth  was  then  added,  and  the  assembly  was 
placed  inside  a 112-mm  i.d.  aluminum  mold.  The  mold  halves  were  bolted  together  and  placed 
in  an  oven  at  177°C.  As  the  rubber  inside  the  mold  expanded  during  heating,  the  composite 
material  was  compressed  against  the  inside  surface  of  the  aluminum  mold.  When  the  composite 
reached  177°C,  the  expanded  rubber  produced  a constant  pressure  of  about  690  kPa  (100  psi) 
as  the  tube  cured.  After  curing,  the  assembly  was  allowed  to  cool;  the  resulting  decrease  in 
pressure  caused  the  rubber  to  contract.  The  mold  was  disassembled  and  the  fully  cured  compos- 
ite tube  was  removed  and  prepared  for  testing. 


4.2  Specimens 

4.2.1  Production  Variations 

Five  different  manufacturers  produced  the  181  tubes  that  were  tested  in  compression 
and  in  fatigue.  Four  of  the  manufacturers  were  commercial  companies;  the  fifth  was  a govern- 
ment research  laboratory.  Production  variations  proved  to  be  a significant  problem. 

Company  A supplied  tube  types  5 and  6 and  company  B,  tube  types  7 and  8 from 
identical  tube-production  specifications.  The  tube  lay-up  construction,  number  of  plies,  and  the 
percentage  of  axial  and  hoop  fibers  are  similar,  but  void  volume  was  significantly  different  (see 
Appendix  A).  The  void  volume  fractions  of  tubes  manufactured  by  A were  from  0.02  to  0.04; 
those  of  tubes  manufactured  by  B were  from  0.08  to  0.09.  This  difference  can  be  attributed  to 
the  filament-winding  process.  Company  A used  a circular  (circ)  winding  method  for  fiber  com- 
paction: Several  layers  of  ±10°  fibers  were  applied,  followed  by  a 82°  circ  wind.  Then  a dry 
circ  (for  fiber  compaction)  was  applied  and  removed.  This  procedure  was  repeated  until  the 
layup  was  complete.  Company  B helically  wound  the  axial  and  hoop  fibers  with  no  fiber 
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compaction.  This  method  resulted  in  higher  void  volume  fractions  and  lower  ultimate 
compressive  and  fatigue  strengths. 

Different  nomenclature  was  used  by  the  various  manufacturers.  Some  manufacturers 
stated  that  there  were  two  plies  per  layer;  others,  two  layers  per  ply.  A request  for  a [03/9017- 
filament-wound  lay-up  resulted  in  [+103/8217.,  [103/±82l7.,  or  [±  IO3/+82I7-,  depending  on  the 
manufacturer. 

The  outside  surface  finish  was  not  specified  on  the  tubes  we  ordered.  The  surface  of 
tubes  that  had  been  wrapped  with  a bleeder  cloth  had  a rougher  texture.  Some  tubes  were 
supplied  with  a smooth,  resin-rich  surface.  When  immersed  in  a cryogenic  fluid,  the  rough- 
textured  surface  and  the  strain  gages  attached  to  it  cracked  less  than  the  surface  and  strain  gages 
attached  to  the  smooth-surfaced  tubes. 

Pultruded  tubes  were  made  in  a vertical  pultrusion  machine  that  had  a floating  mandrel. 
The  small-scale  (100-mm-i.d.)  pultruded  tubes  had  an  eccentric  outer  wall  and,  thus,  a nonuni- 
form wall  thickness  caused  by  nonconcentricity  of  the  mandrel  and  die.  About  10%  of  the  wall 
thickness  was  composed  of  surface  veil  to  lubricate  the  mandrel  and  die;  this  material  increased 
the  calculated  area  of  the  specimen  but  added  nothing  to  the  load-carrying  capacity  of  the  tube. 
The  hoop  plies  of  pultruded  tube  types  22  and  23  show  considerable  waviness  (see  Appendix 
A).  The  amount  of  hoop  fibers  in  the  cross-sectional  area  of  the  tube  remained  constant 
throughout  the  wall  thickness;  the  amount  of  axial  fibers  varied  with  the  location  on  the  tube 
diameter.  The  thickest  section  of  the  wall  contained  about  77%  axial  fibers;  the  thinnest 
section,  as  low  as  54%.  This  variation  probably  reduced  the  strengths  of  the  small-scale 
pultruded  tubes. 

The  large-scale  pultruded  tubes,  although  more  difficult  to  manufacture,  were  more 
uniform  in  thickness.  A floating  mandrel  and  surfacing  veil  (6%  of  the  wall  thickness)  were 
used  in  their  production  also.  The  hoop  plies  were  smooth  and  uniform,  as  seen  in  the  photo  of 
tube  type  24  in  Appendix  A. 

Thus,  specifying  a lay-up  with  "standard"  nomenclature  does  not  always  result  in  a tube 
with  the  desired  construction.  To  obtain  a specific  type  of  tube,  one  must  specify 

1.  lay-up  in  detailed  drawings  (ply  by  ply  or  layer  by  layer) 

2.  the  percentage  of  axial,  off-axis,  and  hoop  fibers 

3.  fiber  volume  fraction 

4.  maximum  acceptable  void  volume  fraction 

5.  fiber  lay-up  method  for  layers  or  plies  (helical  or  circ,  or  a combination) 

6.  fiber  compaction,  if  desired 

7.  exterior  surface  finish 

8.  internal  diameter  tolerances  (external  diameter  tolerance  may  need  to  be  flexible) 

9.  inner-  and  outer-diameter  concentricity  tolerance 

10.  maximum  acceptable  fiber  waviness 

11.  fiber  type,  diameter,  and  finish 

12.  end-to-end  tolerance  (parallelism) 

13.  resin  and  cure  schedule 


VI-7 


The  first  tube  order  achieved  one  of  the  goals  of  the  program:  to  determine  whether 
significant  differences  exist  in  tubes  produced  by  different  manufacturers.  The  manufacturers 
were  very  willing  to  work  through  problems  in  production  methods,  often  at  their  own  expense. 
Given  more  time  and  effort,  the  differences  may  have  been  eliminated,  but  production  varia- 
tions that  affected  tube  strength  were  confirmed  and  the  minimum  specifications  for  tube  con- 
struction became  evident. 


4.2.2  Lay-ups 

Currently  no  data  exist  on  composite  tube  design  for  maximizing  axial  compressive 
strength  while  minimizing  thermal  conductivity.  Theoretically,  a tube  constructed  entirely  of 
axial  (0°)  fibers  should  have  the  highest  compressive  strength  as  well  as  the  highest  thermal 
conductivity,  whereas  a tube  constructed  entirely  of  hoop-wound  (90°)  fibers  should  have  the 
lowest  strength  and  the  lowest  thermal  conductivity. 

The  lay-ups  used  in  this  study  are  detailed  in  Appendix  A.  To  maximize  strength,  the 
lay-ups  were  predominately  axially  oriented.  Off-axis  plies  and  hoop  plies  were  added  to  im- 
prove tube  radial  strength.  The  nature  of  helical  filament-winding  machines  makes  it  difficult  to 
filament-wind  0°  axial  plies.  It  can  be  accomplished  by  filament-winding  onto  pins  or  spokes 
at  the  ends  of  the  mandrel  or  by  combining  filament  winding  and  hand  lay-up,  as  shown  in  the 
lay-up  of  tube  type  1 1 . However,  the  pinned  ends  and  the  hand  lay-up  increase  fabrication 
difficulty  and  costs  and  thus  are  not  practical  for  SMES  tube  construction. 

In  filament- wound  tubes,  the  so-called  axial  plies  are  approximately  9°  to  10°  off  the 
mandrel  longitudinal  axis,  whereas  the  axial  plies  in  tube  type  11  are  0°  to  ±2°  off  the  axis. 
Tube  type  26  contained  +10°  fibers,  and  tube  type  27  contained  true  0°  axial  fibers.  The 
hoop,  or  transverse  fiber,  orientation  in  filament  winding  is  typically  82°,  normal  to  the 
mandrel  longitudinal  axis.  Off-axis  plies  (10°  to  82°)  are  easily  obtained  in  filament-winding 
operations. 

In  the  pultrusion  process,  true  0°  fiber  orientation  is  easily  obtained.  Hoop  winds,  or 
90°  plies,  are  more  difficult  to  obtain,  particularly  if  there  are  multiple  hoop  layers.  The  lay-up 
and  percentages  of  the  layers  of  the  large-scale  filament-wound  tube  (type  18)  are  similar  to 
those  of  the  large-scale  pultruded  tube  (type  24).  The  ratio  of  axial  to  hoop  fibers  in  the  smaller 
tubes  was  less  because  relatively  thick  nexus  and  cloth  were  included  in  the  5.1-mm-thick  wall. 


4.2.3  Specimen  Description 

The  end-cap  shown  in  Figure  4. 1 was  designed  to  prevent  brooming  of  the  composite- 
tube  ends.  No  attempt  was  made  to  minimize  end-cap  effects  owing  to  the  large  number  of  tu- 
bes and  the  various  lay-ups  and  wall  thicknesses  among  the  tubes  studied.  All  tubes  tested  had 
end  caps  of  this  particular  design.  The  annular  grooves  in  the  end  caps  were  filled  with  a filled 
epoxy  that  has  a room-temperature  cure,  and  the  tubes  were  pressed  into  the  filled  groove, 
squeezing  out  the  excess  resin.  The  capped  tubes  were  then  placed  in  a test  machine  and  com- 
pressively  loaded  to  ensure  that  the  tube  ends  were  in  close  contact  with  the  bottom  of  the 
annular  groove.  Testing  did  not  begin  until  the  epoxy  had  cured. 


VI-8 


The  small-scale  tubes  had  an  inner  diameter  (d)  of  102  mm  (4.0  in),  diameter-to-wall- 
thickness  ratios  (d/t)  of  10  and  20,  and  length-to-diameter  ratios  {Hd)  of  7.0,  4.75,  3.5,  or 
2.25.  One  set  of  large-scale  tubes  had  did  oi  177.8  mm  (7  in),  d/t  of  20,  and  (Id  of  7.0  or  3.5. 
The  other  large-scale  tubes  had  dd  oi  250  mm  (10  in),  d/t  of  20,  and  (Id  of  7.0  or  3.5. 

The  ends  of  the  tubes  were  machined  flat  and  parallel  to  each  other  within  0.05  mm 
(0.002  in)  and  square  to  the  inside  diameter  within  0.03  mm  (0.001  in). 


End  Cap 


4.2.4  Specimen  Instrumentation 

All  the  tubes  tested  were  instrumented  with  strain  gages,*  which  were  selected  on  the 
basis  of  test  temperature.  Room-temperature  (295-K)  tests  were  instrumented  with  constantan 
alloy,  self-temperature-compensating  (STC),  350-Q  strain  gages  that  were  attached  with  a cya- 
noacrylate adhesive  that  cures  at  room  temperature.  The  low-temperature  tests  were  instrument- 
ed with  a modified  nickel-chromium-alloy  (similar  to  karma),  STC,  350-0  strain  gages  that 
were  attached  with  a two-part  adhesive  that  has  a slightly  elevated  temperature  cure  (66°C). 

Typically,  the  tubes  had  18  strain  gages,  as  shown  in  Figure  4.2.  Note  that  there  were 
strain  gages  inside  the  tube,  which  were  used  to  minimize  error  in  determining  Poisson’s  ratio. 


♦ 

Exception:  Extensometers  were  attached  to  tube  type  16  (between  the  end  caps)  during  76-K  testing. 

The  extensometer  data  are  very  limited  because  the  extensometers  were  ruined  during  catastrophic  failure 
of  the  tubes. 
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A few  of  the  tubes  had  extra  axial  gages,  spaced  about  2 cm  apart,  as  shown  in  Figure  4.1. 
Photographs  of  the  loading  fixture  and  strain-gage  extensometers  are  shown  in  Appendix  B. 

During  fatigue  tests,  the  changes  in  modulus  were  monitored  on  the  small-scale  tubes 
by  means  of  an  extensometer  mounted  between  the  end  caps. 
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4.2  Tests 


4.2.1.  Compression  Tests 

For  small-scale  tube  tests  at  room  temperature,  the  instrumented  tubes  were  placed  in 
a 4.5-MN  (1  X 10^-lbf)  servohydraulic  fatigue  testing  machine.  The  specimens  were  compres- 
sively  loaded  at  a stroke-controlled  rate  of  0.01  f/min,  where  f is  tube  length.  Specimens  were 
loaded  to  failure;  load  and  strain  data  were  recorded  at  1-s  intervals  by  a computer-controlled 
data-acquisition  system. 

Low-temperature  tests  were  conducted  in  a specially  constructed  cryostat  installed  in  the 
4.5-MN  test  machine.  The  cryostat  was  designed  so  that  the  tests  could  be  conducted  in  either 
liquid  nitrogen  (76  K)  or  liquid  helium  (4  K).  The  specimens  were  totally  immersed  in  the 
cryogen,  and  their  temperature  was  allowed  to  stabilize  before  testing.  Strain  gages  were  re- 
balanced after  reaching  the  test  temperature,  and  the  tubes  were  loaded  to  failure  while  record- 
ing load  and  strain. 

Tests  of  large-scale  tubes  were  conducted  at  room  temperature  and  at  76  K in  a 
52.8-MN  (12  X lO^-lbf)  test  machine.  The  test  procedures  were  identical  to  those  of  small- 
scale  tubes,  except  that  the  cryogenic  tests  were  conducted  in  a specially  constructed,  bottom- 
loading Dewar.  Again,  load  and  strain-to-failure  data  were  recorded  with  a computer-controlled 
data-acquisition  system. 


4.2.2  Fatigue  Tests 

Fatigue  tests  were  performed  on  small-scale  specimens  in  a 1-MN  (220,000  Ibf)  servo- 
hydraulic  fatigue  machine.  The  tubes  were  cycled  in  load  control  at  < 1 Hz  (sinusoidal  wave- 
form); the  frequency  was  adjusted  to  minimize  heating  in  the  tubes.  A ratio  of  0. 1 was  used  for 
the  compression/compression  fatigue  tests.  Overall  compliance  was  measured  by  using  an  ex- 
tensometer  mounted  between  the  specimen  end  caps.  Tests  at  76  K used  the  specially  construct- 
ed Dewar  described  in  §4.2.1. 

Initially,  tests  were  to  be  conducted  at  60,  70,  and  80%  average  ultimate  compressive 
strength  (UCS)  of  the  tubes.  However,  since  some  of  the  80%  UCS  tests  exceeded  the  load 
capacity  of  our  test  machine,  most  of  the  lay-ups  were  tested  only  at  60  and  70%. 

Two  large-scale  specimens  were  tested  in  the  4.5-MN  servohydraulic  fatigue  machine  at 
a frequency  of  0.25  Hz  and  a load  ratio  of  0.1.  The  test  setup,  shown  in  Fig.  4.3,  enabled  two 
fatigue  specimens  to  be  tested  simultaneously.  The  filament-wound  tubes  were  type  18  (see 
Appendix  A)  with  a [82/+ IO5/82/+ 106/82]  fiber  lay-up.  The  lower  specimen  was  totally  im- 
mersed in  liquid  nitrogen.  The  upper  specimen  had  a temperature  gradient  of  219  K (295  K at 
the  upper  end  cap;  76  K at  the  lower  end  cap);  its  temperature  was  monitored  throughout  the 
test.  The  temperature  gradient  along  the  specimen  axis  is  shown  in  Figure  4.4.  Load  versus 
displacement  was  recorded  for  each  of  the  two  tubes  during  the  test.  The  maximum  fatigue 
stress  was  345  MPa,  63%  of  the  average  295-K  UCS  of  the  large-scale  filament-wound  tubes. 
The  76-K  tube  was  fatigued  at  55%  of  the  average  76-K  UCS  of  the  large-scale  filament-wound 
tubes. 
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Figure  4.3.  Fatigue  test  setup  for  two  specimens. 
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Figure  4.4.  Temperature  gradient  along  the  axis  of  the  upper  specimen 
in  the  fatigue  test  setup  shown  in  Figure  4.3. 


5.  Results 

5.1  Compression  Tests 

Tube  strength  versus  temperature  for  different  materials  and  lay-ups  are  plotted  in 
Figures  5.1  through  5.13.  Compression  data  for  the  various  tube  types  are  summarized  in 
Table  5.1. 

The  inside  and  outside  diameters  were  measured  at  eight  locations,  and  the  cross-sec- 
tional area  was  calculated  from  the  average  of  those  dimensions: 

/I  = J{(0.d.„p2  _ (5  1) 

The  maximum  load  was  determined  by  a calibrated  load  cell  and  recorded  by  the  data- 
acquisition  system,  and  the  ultimate  compressive  stress  was  calculated  by  dividing  the  ultimate 
compressive  load  by  the  cross-sectional  area  of  the  tube.  Maximum  strain  to  failure  was  calcu- 
lated by  averaging  the  readings  of  the  four  axial  strain  gages  located  on  the  outside  of  the  mid- 
section of  the  tube. 
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To  minimize  the  error  in  determining  Poisson’s  ratio  (p),  the  inside  and  outside  circum- 
ferential strains  were  averaged  and  divided  by  the  axial  strain: 

p = 'h  (e,„  + £«,.)  , (5.2) 

where  is  the  outside  circumferential  strain,  is  the  inside  circumferential  strain,  and  is 
measured  by  the  strain  gages  on  the  outside  wall. 

The  moduli  were  calculated  on  the  initial  slope  of  the  stress-strain  (a-e)  curve  by  using 
the  average  strain  determined  by  the  four  circumferential  axial  strain  gages: 

E = Aa/Ae^vg  • (5.3) 

The  approximate  failure  locations  are  identified  in  Table  5.1,  and  photographs  of  typi- 
cal tube  failures  are  included  in  Appendix  B.  Also  in  Appendix  B,  a sequence  of  photographs  at 
0.001-s  intervals  demonstrates  that  it  is  not  possible  to  distinguish  transverse  from  axial  fiber 
crack  initiation  within  these  short  time  intervals.  Other  descriptions,  analyses,  and  photographs 
of  tube  failures  are  given  in  §IX. 


DGEBA/DCH/ARA/ACL  epoxy;  I±10]„ 

Figure  5.1.  Strength  of  tube  types  1 (r  = 10.2  mm)  and  2 (r  = 5.1  mm)  versus  temperature. 
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DGEBA/DCH/ARA/ACL  epoxy;  50%  [±10],  33%  [±45],  17%[±82] 

5.2.  Strength  of  tube  types  3 (t  = 10.2  mm)  and  4 (f  = 5.1  mm)  versus  temperature. 


DGEBA/DCH/ARA/ACL  epoxy; 

tube  type  5;  90%  [±10],  10%  [82];  tube  type  6;  85%  [±10],  15%  [82] 

Figure  5.3.  Strength  of  tube  types  5 (f  = 10.2  mm)  and  6 (f  = 5.1  mm)  versus  temperature. 
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DGEBA/ARA/DTA  epoxy;  tube  type  7:  85%  (±9],  15%  [82]; 
tube  type  8:  84%  [±9],  16%  [82] 

Figure  5.4.  Strength  of  tube  types  7 (/  = 10.2  mm)  and  8 (r  = 5.1  mm)  versus  temperature. 


VE-EL/MEKP  vinyl  ester;  tube  type  9:  86%  [±9],  14%  [82]; 
tube  type  10:  83%  [±9],  17%  [82] 


Figure  5.5.  Strength  of  tube  types  9 (/  = 10.2  mm)  and  10  (r  = 5.1  mm)  versus  temperature. 
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VE-EL/MEKP  vinyl  ester;  52%  [0],  19%  [+65],  29%  [±23] 
Figure  5.6.  Strength  of  tube  type  11  {t  = 10.2  mm)  versus  temperature. 
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tube  types  12  & 13:  DGEBA/ARA/DTA  epoxy;  tube  types  14  & 15: 
DGEBF/CTBN/AN  epoxy;  60%  (±10],  40%  [±45] 

Figure  5.7.  Strength  of  tube  types  12  through  15  (/  = 5.1  mm)  versus  temperature. 
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90%  [±10],  10%  [82];  tube  type  16;  DGEBA/DCH/ARA/ACL  epoxy; 
tube  types  19  & 20:  DGEBF/CTBN/AN  epoxy;  tube  type  21:  VE-EL-MEKP  vinyl  ester; 
tubes  types  16,  19,  21:  E-glass  fibers;  tube  type  20;  S2-glass  fiber 

Figure  5.8.  Strength  of  tube  types  16,  19,  20,  and  21  (t  = 5.1  mm)  versus  temperature. 
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tube  type  17:  92%  [+10],  8%  [82];  tube  type  18:  94%  [±10],  6%  [82] 
DGEBA/DCH/ARA/ACL  epoxy 

Figure  5.9.  Strength  of  tube  types  17  (/  = 8.9  mm)  and  18  (/  = 12.7  mm)  versus  temperature. 
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tube  type  22:  DGEBA-ST/ARA/ACL/F  epoxy; 
type  23:  VE-EL/MEKP  vinyl  ester;  60%  [±10],  30%  [90],  10%  Nexus  and  doth;  pultruded 

Figure  5.10.  Strength  of  tube  types  22  and  23  (t  = 5.1  mm)  versus  temperature. 
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Figure  5.11.  Strength  of  tube  type  24  (t  = 12.7  mm)  versus  temperature. 
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Figure  5.12.  Strength  of  tube  type  25  (t  = 8.9  mm)  versus  temperature. 
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tube  type  26:  l±  10]„;  tube  type  27:  [90/ ±45/03/145/90)45; 

CE  cyanate  ester;  manufactured  by  rubber  expansion  + hand  lay-up 

Figure  5.13.  Strength  of  tube  types  26  and  27  (t  = 5.1  mm)  versus  temperature. 
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Table  5. 1 . Results  of  compression  tests. 


Test 

Temp. 

Type 

(K) 

Tube  Dimensions 

(nun) 

e t i.d. 

Resin 

System 

Ultimate 

Strength 

(MPa)  (ksi) 

Strain  to 
Failure 

(%) 

Max. 

Hoop 

Strain 

(%) 

Poisson’s 

Ratio 

Axial 

Modulus 

(GPa) 

Failure 

Loca- 

tion* 

Notes 

1 - Lay-up:  [ ± 

10]^;  process:  filament  winding 

* 

295 

710 

10.2 

102 

DGEBA/ 

578 

83.9 

1.47 

0.53 

— 

38.6 

3 

710 

10.2 

102 

DCH/ 

433 

62.8 

1.16 

0.54 

— 

36.9 

3 

(a) 

710 

10.2 

102 

ARA/ 

543 

78.8 

1.39 

0.51 

0.38 

39.5 

3 

230 

10.2 

102 

ACL 

496 

72.0 

1.23 

0.61 

— 

38.2 

230 

10.2 

102 

687 

99.7 

1.74 

0.77 

0.43 

39.3 

3 

480 

10.2 

102 

608 

88.2 

1.32 

— 

— 

38.3 

3,2 

295 -K  average 

558 

80.9 

1.39 

0.59 

0.41 

38.5 

76 

710 

10.2 

102 

723 

104.8 

1.81 

0.58 

0.37 

43.6 

1,2,3 

710 

10.2 

102 

851 

123.4 

2.12 

0.72 

0.36 

44.2 

1,2,3 

76-K  average 

819 

118.8 

2.04 

0.65 

0.36 

44.1 

4 

710 

10.2 

102 

972 

140.9 

2.32 

0.75 

— 

46.4 

1,2,3 

710 

10.2 

102 

898 

130.2 

2.09 

0.69 

0.37 

46.1 

1,2,3 

4-K  average 

935 

135.6 

2.15 

0.72 

0.37 

46.3 

2 - Lay-up:  [ ± 

10]„;  process: 

filament  winding 

295 

710 

5.1 

102 

DGEBA/ 

491 

71.2 

1.26 

0.51 

— 

35.8 

3 

710 

5.1 

102 

DCH/ 

466 

67.7 

1.41 

— 

0.34 

35.4 

3 

ARA/ 

295-K  average 

ACL 

479 

69.4 

1.34 

0.51 

0.34 

35.6 

76 

710 

5.1 

102 

691 

100.2 

1.83 

0.64 

0.34 

40.7 

2,3 

710 

5.1 

102 

719 

104.3 

1.90 

0.62 

0.34 

40.8 

1,2 

76-K  average 

705 

102.3 

1.87 

0.63 

0.34 

40.8 

4 

710 

5.1 

102 

803 

116.5 

2.05 

0.67 

0.35 

42.2 

2,3 

7l0 

5.1 

102 

589 

85.5 

1.46 

0.48 

0.34 

42.3 

1,2 

4-K  average 

696 

101.0 

1.76 

0.58 

0.35 

42.3 

3 - Lay-up:  [82/±45/±  10j/±45/822/±45/±  103/±45/82]; 

process:  filament  winding 

295 

710 

10.2 

102 

DGEBA/ 

329 

47.7 

1.17 

0.43 

— 

26.6 

3 

(b) 

710 

10.2 

102 

DCH/ 

470 

68.2 

2.22 

0.76 

0.39 

24.5 

3 

710 

10.2 

102 

ARA/ 

384 

55.7 

1.67 

0.52 

0.38 

24.9 

3 

(b) 

480 

10.2 

102 

ACL 

429 

62.2 

2.05 

— 

— 

21.5 

3 

230 

10.2 

102 

424 

61.5 

2.10 

— 

— 

21.4 

3 

230 

10.2 

102 

419 

60.7 

2.02 

0.82 

0.41 

21.8 

3 

295-K  average 

409 

59.3 

1.87 

0.63 

0.39 

23.5 
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Table  5.1.  Results  of  compression  tests  (continued). 


Test 

Temp. 

Type 

(K) 

Tube  Dimensions 

(mm) 

t t i.d. 

Resin 

System 

Ultimate 

Strength 

(MPa)  (ksi) 

Strain  to 
Failure 

(%) 

Max. 

Hoop 

Strain 

(%) 

Poisson’s 

Ratio 

Axial 

Modulus 

(GPa) 

Failure 

Loca- 

tion 

Notes 

76 

710 

10.2 

102 

674 

97.7 

2.50 

0.91 

0.41 

34.9 

2,1 

710 

10.2 

102 

721 

104.6 

2.70 

0.85 

0.33 

30.4 

2,1 

76-K  average 

697 

101.1 

2.60 

0.88 

0.37 

32.7 

4 

710 

10.2 

102 

630 

91.4 

2.06 

— 

0.32 

2 

4 - Lay-up:  [82/±45/±  10j/±45/82]; 

process:  filament  winding 

295 

710 

5.1 

102 

DGEBA/ 

474 

68.8 

2.03 

0.82 

— 

23.1 

1,2 

710 

5.1 

102 

DCH/ 

463 

67.1 

2.50 

0.82 

0.43 

26.1 

2,1 

710 

5.1 

102 

ARA/ 

495 

71.8 

2.05 

0.92 

0.42 

25.5 

1 

710 

5.1 

102 

ACL 

429 

62.2 

2.23 

0.82 

0.37 

22.9 

1 

(c) 

295-K  average 

465 

67.5 

2.20 

0.85 

0.41 

24.4 

76 

710 

5.1 

102 

728 

105.5 

2.67 

0.90 

0.36 

31.3 

1,2 

710 

5.1 

102 

686 

99.4 

2.50 

0.85 

0.36 

33.6 

1,2 

76-K  average 

707 

102.5 

2.59 

0.88 

0.36 

32.5 

4 

710 

5.1 

102 

706 

102.4 

2.27 

0.77 

0.33 

33.1 

1 

5 - Lay-up:  [82/±  10^/82/±  103/82/±  IO3/82]; 

process:  filament  winding 

295 

710 

10.2 

102 

DGEBA/ 

681 

98.8 

1.59 

0.52 

0.36 

42.0 

3 

710 

10.2 

102 

DCH/ 

594 

86.2 

1.41 

0.43 

0.31 

43.0 

3 

480 

10.2 

102 

ARA/ 

518 

75.2 

1.19 

— 

— 

43.0 

3 

230 

10.2 

102 

ACL 

687 

99.6 

1.66 

— 

— 

41.5 

3,2 

295-K  average 

620 

89.9 

1.46 

0.48 

0.34 

42.4 

76 

710 

10.2 

102 

907 

131.5 

2.08 

0.64 

0.31 

46.8 

1,2 

710 

10.2 

102 

1190 

172.5 

3.30 

0.90 

0.28 

42.8 

1,2 

76-K  average 

1048 

152.0 

2.69 

0.77 

0.30 

44.8 

4 

710 

10.2 

102 

1154 

167.4 

2.63 

0.75 

0.30 

48.2 

3 

710 

10.2 

102 

1069 

155.0 

2.37 

0.74 

— 

45.5 

2 

4-K  average 

1112 

161.2 

2.50 

0.75 

0.30 

46.9 
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Table  5.1.  Results  of  compression  tests  (continued). 


Test  Tube  Dimensions 
Tube  7emp.  (mm) 

Type 

(K)  t t i.d. 

Resin 

System 

Ultimate 

Strength 

(MPa)  (ksi) 

Strain  to 
Failure 

(%) 

Max. 

Hoop 

Strain 

(%) 

Poisson’s 

Ratio 

Axial 

Modulus 

(GPa) 

Failure 

Loca-  Notes 
tion 

6 - Lay-up:  [82/ ± \y%2l±  IO3/82]; 
process:  filament  winding 

295  710  5.1  102 

DGEBA/ 

630 

91.4 

1.68 

0.47 

0.27 

37.2 

1 

710  5.1  102 

DCH/ 

637 

92.3 

1.54 

0.42 

0.32 

38.5 

1 

710  5.1  102 

ARA/ 

629 

91.3 

1.54 

0.42 

0.25 

40.1 

1 

295 -K  average 

ACL 

632 

91.7 

1.59 

0.59 

0.28 

38.6 

76  710  5.1  102 

1061 

153.9 

2.72 

0.75 

0.30 

44.1 

1,2 

710  5.1  102 

1029 

149.3 

2.59 

0.70 

0.26 

42.3 

2,3 

76-K  average 

1045 

151.6 

2.66 

0.73 

0.28 

43.2 

4 710  5.1  1-2 

980 

142.1 

2.46 

0.81 

0.29 

42.2 

2,3 

7 - Lay-up:  [82/ ±92/82/ ±92/82/ ±93/82/ ±92/82]; 
process:  filament  winding 

295  710  10.2  102 

DGEBA/ 

468 

67.8 

1.60 

0.48 

0.24 

29.7 

1,2,3 

710  10.2  102 

ARA/ 

474 

68.7 

1.50 

0.43 

0.28 

28.5 

710  10.2  102 

DTA 

415 

60.2 

1.42 

0.34 

0.25 

29.2 

1 

710  10.2  102 

526 

76.4 

1.69 

0.47 

0.27 

31.3 

1 

295-K  average 

471 

68.3 

1.55 

0.43 

0.26 

29.7 

76  710  10.2  102 

763 

110.6 

2.38 

0.64 

0.25 

35.5 

3 

8 - Lay-up:  [82/ ±93/82/ ±93/82];  process:  filament  winding 

295  710  5.1  102 

DGEBA/ 

517 

74.9 

1.57 

0.30 

0.20 

33.0 

3 

710  5.1  102 

ARA/ 

526 

76.3 

1.54 

0.30 

0.22 

33.8 

3 

295-K  average 

DTA 

521 

75.6 

1.56 

0.30 

0.21 

33.4 

76  710  5.1  102 

669 

97.0 

2.13 



0.31 

35.0 

3 

710  5.1  102 

611 

88.7 

1.83 

— 

0.21 

30.8 

3 

76-K  average 

640 

92.8 

1.98 

— 

0.26 

32.9 
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Table  5.1.  Results  of  compression  tests  (continued). 


Test  Tube  Dimensions 
Tube  Xemp.  (mm) 

Type 

(K)  t t i.d. 

Resin 

System 

Ultimate 

Strength 

(MPa)  (ksi) 

Strain  to 
Failure 

(%) 

Max. 

Hoop 

Strain 

(%) 

Poisson’s 

Ratio 

Axial 

Modulus 

(GPa) 

Failure 

Loca-  Notes 
tion 

9 - Lay-up:  [82/ ±92/82/ ±93/82/ ±92/82/ ±92/82]; 

process:  filament  winding 

295  710 

10.2 

102 

VE-EL/ 

494 

71.6 

1.31 

0.38 

0.30 

36.9 

710 

10.2 

102 

MEKP 

508 

73.7 

1.44 

0.42 

0.29 

35.0 

3 

710 

10.2 

102 

540 

78.3 

1.71 

0.50 

0.28 

38.7 

1 

710 

10.2 

102 

465 

67.5 

1.38 

0.40 

0.27 

34.1 

1,2 

295-K  average 

502 

72.8 

1.46 

0.43 

0.29 

36.2 

76  710 

10.2 

102 

762 

110.5 

2.14 

0.67 

0.31 

37.4 

1 

10  - Lay-up:  [82/±92/82/±92/82];  process:  filament  winding 

295  710 

5.1 

102 

VE-EL/ 

551 

80.0 

1.58 

0.35 

0.21 

35.6 

3 

710 

5.1 

102 

MEKP 

561 

81.3 

1.59 

0.33 

0.19 

35.3 

3 

295-K  average 

556 

80.6 

1.59 

0.34 

0.20 

35.5 

76  710 

5.1 

102 

676 

98.0 

1.77 

0.48 

0.28 

39.4 

3 

710 

5.1 

102 

750 

108.8 

2.08 

0.57 

0.26 

35.2 

2 

76-K  average 

713 

103.4 

1.93 

0.53 

0.27 

37.3 

11  - Lay-up:  [±6Siy  ±23IQ^I ±2310^1  ±13,1021 

process:  filament  winding  + hand  lay-up 

295  710 

10.2 

102 

VE-EL/ 

452 

65.5 

1.46 

0.63 

0.44 

31.1 

3,2 

710 

10.2 

102 

MEKP 

497 

72.1 

1.77 

0.83 

0.  ;4 

29.2 

2 

710 

10.2 

102 

499 

72.4 

1.72 

0.81 

0.41 

30.3 

2 

295-K  average 

483 

70.0 

1.65 

0.76 

0.43 

30.2 

76  710 

10.2 

102 

693 

100.5 

2.08 

0.65 

0.33 

37.4 

710 

10.2 

102 

734 

106.4 

2.21 

0.74 

0.34 

38.4 

3 

76-K  average 

713 

103.5 

2.15 

0.70 

0.34 

37.9 

4 710 

10.2 

102 

758 

109.9 

2.53 

0.75 

— 

32.7 

2,1 

12  - lO-Lay-up:  [ ±45/±  102/-t-45/±  10/-45/±45]; 

process:  filament  winding 

295  710 

5.1 

102 

DGEBA/ 

354 

51.3 

1.46 

— 

— 

26.0 

3 

710 

5.1 

102 

ARA/ 

400 

58.0 

1.29 

0.64 

0.46 

31.5 

2,3 

DTA 

295-K  average 

377 

54.6 

1.38 

0.64 

0.46 

28.8 

76  710 

5.1 

102 

662 

96.1 

2.50 

0.96 

0.45 

31.4 

3 
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Table  5. 1 . Results  of  compression  tests  (continued). 


Test  Tube  Dimensions 

Tube  T«tnn  / \ 

Temp.  (mm) 

Type 

(K)  i t i.d. 

Resin 

System 

Ultimate 

Strength 

(MPa)  (ksi) 

Strain  to 
Failure 

(%) 

Max. 

Hoop 

Strain 

(%) 

Poisson’s 

Ratio 

Axial 

Modulus 

(GPa) 

Failure 

Loca- 

tion* 

Notes 

13  - Lay-up: 

I±45/±102/  + 45/±10/-45/±45]; 

♦ 

process: 

filament  winding 

295 

710 

5.1  102 

DGEBA/ 

350 

50.8 

1.61 

— 

— 

23.8 

3 

710 

5.1  102 

ARA/ 

377 

54.6 

1.57 

1.08 

0.49 

25.4 

1,2 

295-K  average 

DTA 

364 

52.7 

1.59 

1.08 

0.49 

24.6 

14  - Lay-up: 

[±45/±  102/  + 45/±  10/-45/±45]; 

process:  filament  winding 

295 

710 

5.1  102 

DGEBF/ 

411 

59.6 

1.32 

— 

— 

32.4 

3 

710 

5.1  102 

CTBN/ 

360 

52.3 

1.33 

0.7 

0.44 

28.8 

1 

295-K  average 

AN 

386 

55.9 

1.33 

0.7 

0.44 

30.6 

15  - Lay-up: 

[ ±45/±  102/+45/±  10/-45/±45]; 

process:  filament  winding 

295 

710 

5.1  102 

DGEBF/ 

355 

51.5 

— 

— 

— 

— 

2 

710 

5.1  102 

CTBN/ 

284 

41.2 

1.08 

0.55 

0.46 

27.5 

3 

295-K  average 

AN 

320 

46.4 

1.08 

0.55 

0.46 

27.5 

16  - Lay-up: 

[82/ 10^/82];  process: 

filament  winding 

295 

710 

5.1  102 

DGEBA/ 

645 

93.6 

1.66 

0.54 

0.29 

37.9 

3 

710 

5.1  102 

DCH/ 

659 

95.5 

1.73 

0.54 

0.29 

38.2 

3 

710 

5.1  102 

ARA/ 

484 

70.2 

1.25 

0.38 

0.30 

37.5 

3 

710 

5.1  102 

ACL 

261 

37.8 

0.70 

0.25 

0.24 

37.6 

3 

(c) 

710 

5.1  102 

585 

84.8 

1.83 

0.41 

— 

31.7 

1 

(d) 

295-K  average 

527 

76.4 

1.43 

0.42 

0.28 

36.6 

76 

710 

5.1  102 

896 

130.0 

— 

— 

— 

— 

1,2 

(e) 

710 

5.1  102 

680 

98.6 

— 

— 

— 

— 

3 

(e) 

710 

5.1  102 

519 

75.25 

(ext.) 

— 

— 

38.7 

2,1 

(e) 

1.34 

76-K  average 

698 

101.3 

1.34 

38.7 

VI-25 


Table  5.1.  Results  of  compression  tests  (continued). 


Tube 

Type 

Test  Tube  Dimensions 
Temp.  (mm) 

(K)  t t i.d. 

Resin 

System 

Ultimate 

Strength 

(MPa)  (ksi) 

Strain  to 
Failure 

(%) 

Max. 

Hoop 

Strain 

(%) 

Poisson’s 

Ratio 

Axial 

Modulus 

(GPa) 

Failure 

Loca- 

tion 

Notes 

17  - 

Lay-up:  [ 82/ ± 10^/82/ ± 106/82]; 

process:  filament  winding 

295  1200 

8.9 

180 

DGEBA/ 

512 

74.2 

1.59 

0.55 

0.33 

32.1 

1 

1200 

8.9 

180 

DCH/ 

574 

83.3 

1.61 

0.51 

0.34 

35.2 

1 

1200 

8.9 

180 

ARA/ 

546 

79.2 

1.43 

0.45 

0.32 

38.5 

1.2 

1200 

8.9 

180 

ACL 

546 

79.3 

1.64 

0.48 

0.29 

33.6 

1200 

8.9 

180 

547 

79.4 

1.44 

0.49 

— 

36.3 

1 

610 

8.9 

180 

546 

79.2 

1.29 

0.42 

0.33 

39.9 

1 

295-K  average 

545 

79.1 

1.50 

0.48 

0.32 

35.9 

76  1200 

8.9 

180 

897 

130.1 

2.29 

0.74 

0.32 

42.7 

2,1 

1200 

8.9 

180 

853 

123.8 

2.35 

0.74 

— 

39.2 

1200 

8.9 

180 

926 

134.3 

2.49 

0.77 

0.31 

42.1 

1.2,3 

76- K average 

892 

129.4 

2.38 

0.75 

0.32 

41.3 

18  - 

Lay-up:  [82/±  10^/82/1 10^/82]; 

process:  filament  winding 

295  1800 

12.7 

250 

DGEBA/ 

488 

70.8 

1.31 

0.39 

0.32 

38.0 

3 

1800 

12.7 

250 

DCH/ 

589 

85.4 

1.69 

0.53 

0.30 

35.0 

1800 

12.7 

250 

ARA/ 

615 

89.2 

1.79 

0.54 

0.26 

33.3 

1 

910 

12.7 

250 

ACL 

570 

82.7 

1.52 

0.50 

— 

38.2 

1 

295-K  average 

566 

82.0 

1.58 

0.49 

0.29 

36.1 

76  1800 

12.7 

250 

623 

90.4 

1.44 

0.49 

— 

44.6 

3 

1800 

12.7 

250 

878 

127.4 

2.13 

0.70 

0.33 

44.4 

3 

1800 

12.7 

250 

806 

116.9 

2.01 

0.62 

0.35 

43.4 

3 

76-K  average 

769 

111.6 

1.86 

0.60 

0.34 

44.1 

19  - 

Lay-up:  [82/106/82];  process: 

filament  wi 

nding 

295  710 

5.1 

102 

DGEBF/ 

535 

77.6 

1.50 

0.43 

0.28 

35.2 

1,2 

710 

5.1 

102 

CTBN/ 

389 

56.4 

0.98 

0.29 

0.29 

39.7 

3 

710 

5.1 

102 

AN 

520 

75.4 

1.44 

0.42 

0.26 

35.7 

3 

710 

5.1 

102 

530 

76.9 

1.56 

0.47 

— 

36.3 

3 

(c) 

295-K  average 

494 

71.6 

1.37 

0.40 

0.28 

36.7 

76  710 

5.1 

102 

933 

135.3 

2.57 

0.79 

0.30 

39.1 

1,2 

710 

5.1 

102 

700 

101.6 

1.87 

0.57 

0.32 

39.5 

2 

710 

5.1 

102 

721 

104.6 

1.95 

0.66 

— 

38.7 

3 

76-K  average 

785 

113.8 

2.13 

0.67 

0.31 

39.1 
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Table  5.1.  Results  of  compression  tests  (continued). 


Test 

Temp. 

Type 

(K) 

Tube  Dimensions 

(mm) 

t t i.d. 

Resin 

System 

Ultimate 

Strength 

(MPa)  (ksi) 

Strain  to 
Failure 

(%) 

Max. 

Hoop 

Strain 

(%) 

Poisson’s 

Ratio 

Axial 

Modulus 

(GPa) 

Failure 

Lx>ca- 

tion 

Notes 

20  - Lay-up:  [82/10^/82];  process: 

filament  winding; 

• 

reinforcement: 

S2-glass  fiber 

295 

710 

5.1 

102 

DGEBF/ 

434 

62.9 

1.15 

0.32 

— 

37.3 

3 

710 

5.1 

102 

CTBN/ 

430 

62.3 

1.18 

0.31 

— 

35.8 

3 

710 

5.1 

102 

AN 

415 

60.2 

1.13 

0.33 

0.27 

34.6 

3 

295-K  average 

426 

61.8 

1.15 

0.32 

0.27 

35.9 

76 

710 

5.1 

102 

608 

88.3 

1.47 

0.43 

0.31 

43.0 

3 

710 

5.1 

102 

607 

88.1 

1.52 

0.47 

— 

41.5 

3 

710 

5.1 

102 

562 

81.6 

1.36 

0.44 

— 

42.8 

3 

710 

5.1 

102 

470 

68.2 

— 

— 

— 

— 

2,1 

76-K  average 

562 

81.5 

1.45 

0.45 

0.31 

42.4 

4 

710 

5.1 

102 

510 

74.0 

1.20 

0.37 

0.30 

43.0 

3 

710 

5.1 

102 

678 

98.3 

1.55 

0.49 

— 

45.5 

3,2 

4-K  average 

594 

86.1 

1.38 

0.43 

0.30 

44.3 

21  - Lay-up:  (82/1 0^/82] ; process: 

filament  winding 

295 

710 

5.1 

102 

VE-EL/ 

441 

64.0 

1.44 

0.46 

— 

30.6 

1 

710 

5.1 

102 

MEKP 

417 

60.5 

1.39 

0.42 

— 

29.1 

1 

710 

5.1 

102 

580 

84.1 

2.00 

0.64 

— 

28.8 

1 

710 

5.1 

102 

559 

81.1 

2.01 

0.62 

— 

27.9 

2,1 

(0 

295-K  average 

499 

72.4 

1.71 

0.53 

— 

29.1 

76 

710 

5.1 

102 

896 

129.9 

2.94 

0.94 

0.29 

32.8 

2,1 

710 

5.1 

102 

927 

134.4 

3.05 

0.94 

— 

31.7 

2,1 

710 

5.1 

102 

916 

132.8 

2.32 

0.79 

— 

31.1 

2,1 

76-K  average 

913 

132.4 

2.77 

0.89 

0.29 

31.9 

4 

710 

5.1 

102 

727 

105.5 

2.41 

0.71 

— 

30.2 

2,1 

710 

5.1 

102 

798 

115.7 

2.54 

— 

— 

31.2 

2,1 

4-K  average 

763 

110.6 

2.48 

0.71 

— 

30.7 

22  - Lay-up:  [90/0^/90/03/90];  process:  pultrusion 

295 

710 

5.1 

102 

DGEBA- 

549 

79.7 

1.58 

0.32 

— 

34.5 

2 

710 

5.1 

102 

ST/ARA/ 

555 

80.5 

1.51 

0.21 

— 

36.8 

3 

710 

5.1 

102 

ACL/F 

514 

74.5 

1.48 

0.32 

— 

34.5 

3 

295-K  average 

539 

78.2 

1.52 

0.28 

— 

35.5 
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Table  5. 1 . Results  of  compression  tests  (continued). 


Test  Tube  Dimensions 
Temp.  (mm) 

Type 

(K)  t t i.d. 

Resin 

System 

Ultimate 

Strength 

(MPa)  (ksi) 

Strain  to 
Failure 

(%) 

Max. 

Hoop 

Strain 

(%) 

Poisson’s 

Ratio 

Axial 

Modulus 

(GPa) 

Failure 

Loca- 

tion 

Notes 

76 

710 

5.1 

102 

648 

94.0 

1.68 

0.48 

0.26 

39.8 

2,1 

710 

5.1 

102 

653 

94.8 

1.76 

0.51 

— 

39.0 

1.2 

710 

5.1 

102 

660 

95.7 

1.64 

0.53 

— 

39.7 

2,1 

76-K  average 

654 

94.8 

1.69 

0.51 

0.26 

39.7 

4 

710 

5.1 

102 

612 

88.7 

1.19 

0.44 

0.22 

39.5 

2 

23  - Lay-up: 

[90/0^/90/03/90];  process:  pultrusion 

295 

710 

5.1 

102 

VE-EL/ 

347 

50.3 

1.09 

0.21 

0.21 

32.5 

3 

710 

5.1 

102 

MEKP 

380 

55.2 

1.16 

0.34 

— 

33.3 

3 

710 

5.1 

102 

343 

49.8 

1.03 

0.21 

— 

33.9 

2,1 

710 

5.1 

102 

372 

53.9 

1.15 

0.23 

— 

32.3 

3 

(0 

295-K  average 

361 

52.3 

1.11 

0.25 

0.21 

33.0 

76 

710 

5.1 

102 

538 

78.0 

1.50 

0.43 

— 

37.8 

2 

710 

5.1 

102 

577 

83.7 

1.61 

0.48 

0.26 

36.8 

2,1 

710 

5.1 

102 

576 

83.5 

1.50 

0.42 

— 

38.9 

2,1 

76-K  average 

564 

81.7 

1.54 

0.44 

0.26 

37.8 

24  - Lay-up: 

[0/90/0^/90/0^/90];  process:  pultrusion 

295 

1800 

12.7 

250 

VE-EL/ 

559 

81.1 

1.44 

0.30 

0.20 

38.5 

1 

1800 

n.i 

250 

MEKP 

552 

80.1 

1.45 

0.34 

0.22 

37.6 

3 

1800 

12.7 

250 

536 

77.8 

1.40 

0.31 

0.19 

39.4 

2 

295-K  average 

549 

79.7 

1.43 

0.32 

0.20 

38.5 

76 

1800 

12.7 

250 

615 

89.1 

1.25 

0.37 

0.27 

41.4 

1,2 

1800 

12.7 

250 

570 

82.7 

1.36 

0.38 

0.30 

45.1 

3 

1800 

12.7 

250 

690  ; 

100.1 

1.26 

0.44 

0.29 

44.3 

1,2 

76-K  average 

625 

90.7 

1.29 

0.40 

0.29 

43.6 

25  - Lay-up: 

[±82/±  103/182/1  103/±82/±103/±82]; 

process: 

filament  winding 

295 

710 

8.9 

102 

DGEBA/ 

525 

76.1 

1.55 

— 

— 

32.5 

3 

710 

8.9 

102 

DCH/ 

349 

50.7 

1.12 

0.27 

0.22 

31.4 

360 

8.9 

102 

ARA/ 

493 

71.4 

1.38 

0.35 

— 

35.6 

360 

8.9 

102 

ACL 

384 

55.7 

1.25 

0.29 

— 

30.6 

3 

295-K  average 

438 

63.5 

1.33 

0.30 

0.22 

32.5 
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Table  5. 1 . Results  of  compression  tests  (continued). 


Test  Tube  Dimensions 

Tube  7einp.  (nun) 

Type 

(K)  t t i.d. 

Resin 

System 

Ultimate 

Strength 

(MPa)  (ksi) 

Strain  to 
Failure 

(%) 

Max. 

Hoop 

Strain 

(%) 

Poisson’s 

Ratio 

Axial 

Modulus 

(GPa) 

Failure 

Loca-  Notes 
tion 

76  360 

8.9 

102 

DGEBA/ 

675 

97.9 

1.84 

0.49 



40.4 

3 

710 

8.9 

102 

DCH/ 

570 

82.6 

1.64 

0.46 

— 

36.1 

3 

710 

8.9 

102 

ARA/ 

613 

88.9 

1.77 

0.52 

0.29 

36.7 

3 

76-K  average 

acL 

619 

89.8 

1.75 

0.49 

0.29 

37.7 

26  - Lay-up:  [ ± 10]^; 

process:  rubber  expansion  + hand  lay-up 

295  360 

5.1 

102 

CE 

698 

101.3 

1.69 

0.50 

— 

40.7 

3 

76  360 

5.1 

102 

976 

141.5 

2.45 

0.76 

— 

43.1 

3 

27  - Lay-up:  [90/ ±45/03/1 45 /90]45; 
process:  rubber  expansion  hand  lay-up 

295  360 

5.1 

102 

CE 

221 

32.1 

0.81 

0.13 

— 

26.4 

1 

76  360 

5.1 

102 

152 

22.1 

0.53 

0.14 

— 

28.6 

1,2,3 

*Failure  locations:  1 

- end  cap 

,2- 

within  100 

mm  of  end  cap. 

3 - midsection 

Notes:  (a)  Fracture  path  ran  into  tube  end  (not  complete  360°  fracture) 

(b)  Manufacturing  inconsistencies  (tube  wall  delaminated) 

(c)  Strain  gaged  and  cured  following  cryogenic  test  procedures 

(d)  Cured  at  250  K (77  °C);  no  gages 

(e)  No  gages;  no  heat  cure 

(f)  Postcured  at  339  K (66  °C)  for  16  h 
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5.2  Fatigue  Tests 

Specimens,  loads,  and  results  of  the  fatigue  tests  are  summarized  in  Table  5.2.  Some 
tubes  were  cycled  to  10,000  cycles  (the  number  expected  during  SMES  lifetime);  others  were 
cycled  to  40,000.  Then  they  were  statically  loaded  to  determine  residual  strength. 

All  tubes  cycled  for  10,000  cycles  at  60%  ultimate  compressive  strength  (UCS)  did  not 
fail  and  were  then  loaded  in  compression  to  failure.  Residual  strengths  ranging  from  93  to  1 1 1 % 
of  the  average  UCS  indicate  that  10,000  cycles  at  60%  had  little  effect  on  the  strength  of  the 
tubes.  However,  tests  conducted  for  40,(X)0  cycles  at  60%  UCS  produced  a surprising  result: 
The  strongest  tube  in  the  program,  type  6,  failed  at  17,601  cycles.  The  other  tube  types  tested  at 
60%  UCS  survived  the  full  40,(XX)  cycles  and  had  residual  strengths  of  1 15%  and  91  %. 


Table  5.2.  Results  of  fatigue  tests. 


Tube 

Type 

(Mfg.) 

Test 

Temp. 

(K) 

Cyclic 

Stress 

% 

UCS* 

Cycles 

Strength 

(MPa) 

% Residual 
of  Avg. 
UCS* 

Modulus 

Modulus 

(GPa) 

Cycles 

(GPa) 

Kilocycles 

2 

295 

287 

60 

10,000  + 

469 

97.9 

34.5 

3 

34.5 

10 

(A) 

287 

60 

40,000 

549 

114.6 

30.3 

622 

31.0 

40 

335 

70 

19,230 

failed 

33.8 

3 

33.1 

15 

335 

70 

14,825 

failed 

24.1 

50 

23.4 

15 

383 

80 

488 

failed 

34.5 

2 

33.1 

0.15 

383 

80 

8,927 

failed 

25.5 

50 

24.8 

8.5 

4 

295 

279 

60 

10,000  + 

516 

111 

24.1 

3 

24.1 

10 

(A) 

279 

60 

41,135  + 

424 

91.2 

21.4 

103 

22.1 

41 

326 

70 

40,000  + 

447 

96.1 

23.4 

3 

23.4 

40 

372 

80 

1,800 

failed 

6 

295 

379 

60 

10,000  + 

589 

93.2 

38.6 

3 

37.9 

10 

(A) 

379 

60 

17,601 

failed 

31.7 

250 

31.7 

15 

442 

70 

40,000  + 

696 

110.1 

36.5 

3 

35.9 

40 

506 

80 

900 

failed 

34.5 

186 

29.6 

0.85 

8 

295 

365 

70 

2,270 

failed 

31.0 

152 

30.3 

2.3 

(B) 

417 

80 

0 

failed 

10 

295 

389 

70 

10,057 

failed 

30.3 

50 

29.6 

7 

(B) 

445 

80 

500 

failed 

30.3 

1 

29.6 

0.45 

8 

76 

448 

70 

14,911 

failed 

35.9 

100 

35.2 

10.7 

(B) 

384 

60 

40,000  + 

401 

62.7 

35.2 

50 

35.9 

40.1 

10 

76 

499 

70 

40,000  + 

696 

97.6 

37.9 

50 

38.6 

40 

(B) 

428 

60 

41,000  + 

630 

88.4 

36.5 

100 

39.3 

43.6 

18 

295-7 

345 

63 

40,000  + 

28.3 

60 

28.3 

40 

(A) 

6 

345 

55 

40,000  + 

35.9 

1 

36.5 

40 

76 

* UCS  - (average)  ultimate  compressive  strength 
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At  70%  UCS,  a specimen  of  tube  type  6 survived  the  40,000  cycles  and  had  a residual 
strength  of  110%.  This  result  implies  that  the  previous  specimen  tested  at  60%  for  17,601 
cycles  failed  as  a result  of  a manufacturing  defect. 

Specimens  of  tube  type  2 failed  at  1.9  and  1.5  lifetimes  at  70%  UCS;  specimens  of  tube 
type  4 survived  the  4 lifetimes  and  had  a residual  strength  of  96%;  both  were  produced  by 
manufacturer  A.  The  two  tubes  produced  by  manufacturer  B failed  much  sooner:  Tube  type  10 
lasted  for  only  1 lifetime,  and  the  tube  type  8 lasted  for  about  l/4>lifetime.  The  high  porosity 
(~8  to  9%)  of  these  tubes  probably  shortened  their  lives. 

None  of  the  tubes  survived  one  lifetime  at  80%  UCS.  Tube  type  8 failed  on  the  initial 
load.  Tube  type  2 survived  8,927  cycles,  longer  than  any  of  the  others.  Again,  the  tubes  from 
manufacturer  B had  the  longest  fatigue  lives. 

Tubes  manufactured  by  B were  the  only  small-scale  tubes  tested  at  76  K— at  60  and 
70%  UCS.  Both  tube  types  tested  (8  and  10)  survived  4 lifetimes  at  60%  and  had  residual 
strengths  of  63  and  88%.  Tube  type  8 failed  at  1.5  lifetimes  at  70%  UCS,  whereas  tube  type 
10  survived  4 lifetimes  at  70%  UCS  and  had  a residual  strength  of  98%.  Thus  the  fatigue  resis- 
tance of  these  composites  is  better  at  low  temperatures. 

An  initial  modulus  and  a modulus  determined  in  the  latter  stages  of  fatigue  are  shown 
in  Table  5.2.  The  modulus  changed  little  or  not  at  all  during  the  fatigue,  with  one  exception: 
The  modulus  of  a specimen  of  tube  type  6 decreased  about  5 GPa  during  its  short  life  (900 
cycles). 


The  two  large-scale  tubes,  which  were  fatigued  simultaneously,  survived  40,000  cycles. 
No  serious  damage  occurred  in  the  76-K  tube.  The  upper  tube  (with  a thermal  gradient  along 
its  axis)  had  areas  of  hoop  fiber  breakage  and  delamination.  The  hoop  fibers  broke  about  90 
mm  above  the  frost  line  on  the  tube,  which  was  adjacent  to  the  top  of  the  Dewar  and  37  cm 
above  the  lower  end  cap.  From  this  area,  the  delaminations  grew  upward  at  ±10°  bends,  rang- 
ing from  2 mm  to  10  mm  wide.  The  hoop  fibers  began  breaking  at  approximately  1,400  cycles. 
At  7,275  cycles,  the  delamination  had  grown  to  1 15  mm  in  the  direction  of  the  upper  end  cap, 
and  at  23,0(X)  cycles,  the  delamination  reached  the  end  cap. 

Approximately  180°  from  the  area  where  the  hoop  fibers  broke,  another  area  at  the 
frost  line  delaminated,  producing  strips  at  10°  angles  from  the  tube  surface.  The  total  length  of 
this  delamination  was  175  mm.  Small,  circular  delaminations  (<50  mm  in  diameter)  occurred 
in  two  other  areas  of  the  tube,  below  the  frost  line;  they  did  not  appear  to  propagate. 

The  76-K  tube  had  only  two  small  (<50  mm  in  diameter)  delaminated  areas  that  did 
not  propagate.  These  delaminations  did  not  affect  the  modulus  change  in  the  295-to-76-K 
(upper)  tube  (see  Table  5.2). 
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6.  Discussion 


The  dominant  factors  that  affected  the  compression  strength  of  the  tubes  were  manu- 
facturing variations  and  fiber  lay-up.  Tube  inconsistencies  (e.g,,  resin-rich  areas)  and  defects 
(e.g.,  porosity,  delamination)  due  to  manufacturing  produced  the  scatter  of  the  measured 
strengths.  In  the  absence  of  tube  inconsistencies,  fiber  lay-up  was  primarily  responsible  for  the 
strength  that  was  achievable.  The  data  are  summarized  in  Figure  6.1,  plots  of  compressive 
strengths  versus  the  axial  compressive  moduli  of  the  tubes  at  room  temperature  (a)  and  at  76 
and  4 K (b).  The  axial  compressive  moduli  were  obtained  by  using  strain  gages  oriented  at  90° 
with  respect  to  each  other  in  the  test  section  of  the  tube.  Thus,  these  moduli  data  are  not,  as  a 
rule,  strongly  influenced  by  tube  inconsistencies,  and  accordingly,  their  data  scatter  is  typically 
less  than  ±5%  (see  Table  5.1).  However,  the  scatter  of  compressive-strength  data  is  much 
larger.  In  Figure  6.2,  the  scatter  of  tube  compressive  strength  data  is  portrayed  in  bar-graph 
format.  Scatter  is  defined  as  the  difference  between  the  maximum  and  minimum  tube  strengths 
divided  by  the  average  tube  strength.  Here,  the  number  of  types  of  tubes  (see  Table  5.1  and 
Appendix  A)  that  have  data  scatter  within  the  specified  limitations  is  summarized.  Notice  that 
the  distribution  of  data  scatter  is,  essentially,  independent  of  temperature  and  that  the  data 
scatter  for  some  types  of  tubes  is  as  high  as  20  to  25%.  To  eliminate  data  scatter  from  con- 
sideration of  the  effects  of  other  variables,  the  compressive-strength  data  points  plotted  in  Fig- 
ure 6.1  represent  the  highest  two  data  points  or,  in  the  case  of  only  two  data  points,  the  highest 
data  point.  The  rationale  for  these  procedures  is  based  on  the  assumption  that  tube-manufac- 
turing inconsistencies  result  only  in  lower  compressive  strengths. 

Of  course,  there  is  a clear  distinction  between  the  use  of  the  highest  tube  data  to  assess 
the  effects  of  fiber  lay-up  and  other  parameters  and  the  use  of  average  or  lowest  bound  data  to 
determine  operational  stress  levels. 

A number  of  composite  variables  were  studied,  including  tube  length-to-diameter  and 
diameter-to-thickness  ratios,  resin  variations,  filament  winding  versus  pultrusion,  and  fiber  lay- 
up. In  addition,  the  tubes  were  obtained  from  five  different  suppliers.  The  effects  of  these 
variables  are  discussed  below. 


6.1  Fiber  Lay-up  and  Temperature 

Higher  compressive  moduli  were  obtained  by  increasing  the  number  of  fibers  in  0°  or 
near-0°  orientations  (parallel  to  tube  axis).  Thus,  in  Figure  6.1,  the  highest  moduli  at  each 
temperature  were  obtained  from  tubes  with  most  of  the  fibers  in  near-0°  orientations.  The  tubes 
that  had  the  highest  moduli  contained  some  hoop  windings  (e.g.,  tube  type  5 in  Table  5.1)  and 
had  a d/t  ratio  of  10.  Lower  moduli  resulted  from  quasi-isotropic  lay-ups,  including  +45°  fiber 
orientations  and  80°  to  90°  fiber  orientations. 

As  seen  in  Figure  6.1,  the  compressive  axial  moduli  correlate  well  with  the  tube  com- 
pressive strength  at  both  room  and  low  temperatures.  In  changing  from  unidirectional  to  quasi- 
isotropic fiber  lay-ups,  the  compressive  axial  modulus  changed  from  about  40  to  25  GPa  at 
room  temperature  and  from  about  45  to  30  GPa  at  76  and  4 K.  Compressive-strength  changes 
resulting  from  differences  in  the  fiber  orientation  (unidirectional  to  quasi-isotropic)  were  about 
680  MPa  (100  ksi)  to  400  MPa  (60  ksi)  at  room  temperature  and  1000  MPa  (145  ksi)  to 
680  MPa  (100  ksi)  at  low  temperatures. 
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Figure  6.1.  Compressive  strength  versus  axial  compressive  moduli  of  tubes  tested 
at  (a)  room  temperature  and  (b)  76  and  4 K. 
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Compressive  Strength  Data  Scatter  (%) 


295  K 

76,4  K 

Figure  6.2.  Scatter  of  compressive  strengths  for  various  types  of  tube. 


At  room  temperature,  the  average  value  of  all  compressive-strength  data  points  in 
Figure  6. 1 is  533  MPa;  at  low  temperatures,  the  average  value  is  806  MPa.  Thus,  at  low 
temperatures  (76,  4 K),  tube  strengths  were  about  50%  higher  than  at  room  temperature.  This 
corresponds  very  well  with  the  50"^%  increase  in  the  tensile  strength  of  E-glass  fiber  from 
295  K to  76  and  4 K (see  Figure  4. 1 in  §IV). 

The  average  of  the  axial  compressive  moduli  at  room  temperature  is  33.9  GPa,  and  at 
76  and  4 K,  39.1  GPa.  This  represents  a 15%  increase  on  cooling.  The  compressive  modulus 
of  the  epoxy-matrix  unidirectional  composite  increased  about  10%  from  295  to  76  and  4 K 
(§V),  whereas  the  elastic  modulus  of  typical  epoxies  increased  approximately  100%  (§III). 
Thus,  considering  that  the  average  moduli  data  for  the  tubes  includes  some  quasi-isotropic  lay- 
ups (in  which  the  matrix  contributes  more  to  mechanical  properties),  the  15%  average  increase 
of  the  tube  axial  modulus  is  reasonable. 
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At  room  temperature,  the  effect  on  the  tube  compressive  strength  of  adding  80°  to  90° 
windings  to  a tube  with  predominantly  0°  to  10°  fiber  orientation  was  difficult  to  discern  from 
our  data  set.  However,  at  low  temperatures,  there  was  a clear  advantage  in  adding  fiber  wind- 
ings in  the  hoop  direction.  Since  the  thermal  conductivity  should  have  been  lower  in  those  tubes 
with  limited  90°  fiber  windings,  there  appears  to  be  an  operational  advantage  in  having  a lim- 
ited number  of  layers  with  80°  to  90°  fiber  orientations. 

For  each  tube  lay-up,  the  maximum  compressive  strengths  at  room  and  cryogenic  tem- 
peratures are  shown  in  Figure  6.3.  The  tubes  with  the  highest  strengths  were  those  with  a pre- 
ponderance of  fibers  in  the  ± 10°  orientation.  At  low  temperatures,  the  strongest  tubes  were 
those  with  ±10°  lay-ups  supplemented  with  transverse-wound  fibers;  the  room-temperature 
data  were  less  distinctive.  The  compressive  strength  of  a [±  10]„  CE  tube  was  equivalent  to  that 
of  tubes  with  transverse  fibers. 


AXIAL  MODULUS  (GPa) 

Figure  6.3.  Compressive  strength  versus  axial  modulus  for  different  lay-ups. 
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6.2  Type  of  Resin 

Four  epoxies,  one  vinyl  ester,  and  one  cyanate  ester  were  used  as  the  matrix  materials 
in  the  tubes  included  in  this  test  program.  The  cyanate-ester  data  are  highlighted  in  Figure  6.4, 
The  cyanate  ester  (CE)  tubes  were  manufactured  by  pressure  expansion  of  an  internal  rubber 
tube  to  reduce  porosity  and  improve  fiber  straightness.  The  reader  is  cautioned  that  the  very 
limited  data  (one  test  per  variable)  significantly  increase  the  chances  for  misleading  points. 
Nevertheless,  these  data  raise  several  issues  that  deserve  to  be  recognized: 

1 . At  room  temperature,  the  tube  made  by  the  rubber-expansion  technique  from  cyanate- 
ester  resin  and  near-0°  fiber  orientation  had  exceptionally  good  strength.  The  high 
strength  may  reflect  the  straighter  and  near-0°  fiber  orientation,  yet  the  compressive 
strength  at  76  K,  although  higher  than  that  of  many  other  tubes  at  low  temperatures,  was 
not  the  highest.  This  high  room-temperature  compressive  strength  (698  MPa,  101  ksi) 
suggests  that  additional  research  be  conducted  on  filament-wound  tubes  made  with  a 
cyanate-ester  resin  if  the  cost  of  the  cyanate  ester  can  be  reduced  to  be  competitive  with 
the  epoxies. 

2.  At  both  295  and  76  K,  the  compressive  strengths  of  quasi-isotropic-fiber  tubes  made  from 
the  same  cyanate  ester  by  the  rubber-expansion  technique  were  very  low.  This  is  in  stark 
contrast  to  the  results  of  unidirectional-fiber  tubes  discussed  above.  Follow-up  macro- 
graphs indicated  that  these  tubes  had  very  high  porosity  and  delaminations. 
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Figure  6.4.  Compressive  strength  versus  axial  modulus  for  cyanate-ester-resin  tube, 
lay-ups  (±10]„  and  [90/ ± 45/03/145/90)45. 
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Compressive  data  for  filament-wound  and  pultruded  tubes  made  from  from  vinyl-ester 
resin  are  highlighted  in  Figure  6.5(a)  and  (b),  respectively.  Notice  that  the  compressive 
strengths  of  the  pultruded  tubes  are  lower  than  those  of  filament- wound  tubes,  but  those  of  the 
epoxy-  and  vinyl-ester-resin  systems  are  similar.  Thus,  the  vinyl-ester  resin  system  has  no 
strength  advantage.  However,  the  supplier  of  the  pultruded  tubes  indicated  that  it  was  signifi- 
cantly easier  to  manufacture  tubes  from  a vinyl-ester  resin  system  than  from  an  epoxy  resin 
system. 


The  filament-wound  tubes  made  from  vinyl-ester  resin  with  a predominantly  uni- 
directional lay-up  ([82/106/82])  produced  by  one  supplier  had  equivalent  strengths  but  lower 
axial  moduli  than  those  of  other  unidirectional,  epoxy-resin  tubes  (tube  type  21  in  Table  5.1). 

To  summarize,  the  strengths  of  tubes  constructed  from  vinyl-ester  resin  system  were 
lower,  or  equivalent  to,  those  of  comparable  epoxy-resin-system  tubes.  Consideration  should  be 
given  to  the  use  of  vinyl  ester  only  because  it  may  reduce  the  resin  or  production  costs.  The 
S2-glass  tubes  had  low  strengths  and  low  strains  to  failure.  Since  their  properties  are  inferior  to 
those  of  E-glass,  there  is  no  advantage  to  using  S2-glass  fibers  in  these  tubes. 


6.3  Tube  Geometry 

Analyses  of  the  data  contained  in  Table  5. 1 for  tube  types  1,  2,  5,  and  6 that  have 
predominantly  unidirectional  fibers  suggest  that  decreasing  the  tube  diameter-to-thickness  ratio 
(d/t)  from  20  to  10  results  in  improved  strength  and  elastic  modulus.  Specifically,  the  axial 
compressive  strength  increased  16%  and  the  elastic  (axial)  modulus  increased  8%  when  the  tube 
wall  thickness  increased  5 mm  (5.1  to  10.2  mm),  independent  of  test  temperature.  However, 
the  scatter  of  data  almost  doubled  for  the  thicker  tubes.  Those  trends  are  not  seen  for  the  quasi- 
isotropic lay-ups  (tube  types  3 and  4). 

The  increase  in  elastic  modulus  must  be  attributed  to  an  increase  of  fibers  with  near-0° 
orientations  in  the  thicker  tubes.  In  tubes  that  contain  off-axis  fiber  windings,  the  percent  fiber 
in  the  near-0°  orientation  is  greater  in  tubes  with  thicker  walls. 

The  increase  in  strength  is  partially  associated  with  the  increase  in  elastic  modulus. 

From  the  slopes  of  the  lines  in  Figure  6.1,  one  can  see  that,  approximately,  an  8%  increase  in 
elastic  modulus  produced  an  8%  increase  in  strength  at  both  room  and  low  temperatures.  The 
remaining  strength  increase  must  be  associated  with  the  increase  in  structural  stability  of 
orthotropic  cylinders  of  larger  cross-sectional  area. 

Limited  tests  were  conducted  to  assess  the  effects  of  tube  length,  for  a given  tube 
diameter,  on  compressive  strength  (see  Table  5.1).  All  these  tests  were  conducted  at  room 
temperature.  Tube  lengths  varied  from  710  mm  (28  in)  to  480  mm  (19  in)  to  230  mm  (9  in)  for 
10.2-mm  (0.4-in)  wall  thickness.  Three  different  lay-ups  (tube  types  1,  3,  and  5 in  Table  5.1) 
were  included  in  a total  of  16  comparable  tests.  Average  compressive  strengths  increased  from 
501  MPa  to  518  MPa  to  542  MPa  for  the  decreasing  tube  lengths.  Thus,  a 3-to-l  reduction  of 
tube  length  resulted  in  an  approximate  10%  increase  in  average  compressive  strength.  How- 
ever, the  maximum  compressive  strengths,  such  as  those  used  to  construct  Figures  6.1  through 
6.5,  were  insensitive  to  tube  length.  These  results  are  interpreted  to  mean  that  a reduction  in 
tube  length  serves  to  reduce  the  chances  of  sensing  load-limiting  defects  in  the  tubes,  thus 
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Figure  6.5.  Compressive  strength  versus  axial  modulus  of 
(a)  filament-wound  and  (b)  pultruded  tubes. 
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increasing  the  effective  average  strength.  Structurally,  the  length  changes  were  well  within  tube 
buckling  limitations,  and,  thus,  no  effects  on  maximum  strengths  were  observed. 

In  the  Phase  I work  of  both  SMES  teams,  the  effect  of  increasing  the  diameter  of  the 
tubes  was  to  lower  the  compressive  strength  by  40  to  60%.  The  large-diameter  tube  data  for 
this  program  are  highlighted  in  Figure  6.6.  It  is  apparent  that  increasing  the  tube  diameter  and 
maintaining  constant  d/t  and  t/d  ratios  had  no  significant  influence  on  compressive  strength. 
Higher,  large-scale,  filament-wound  tube  strengths  may  be  achieved,  if  one  is  able  to  increase 
the  compressive  axial  modulus. 


AXIAL  MODULUS  (GPa) 

Figure  6.6.  Compressive  strength  versus  axial  modulus  for  tubes  of  different  diameters. 
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6.4  Filament  Winding  versus  Pultrusion 


Data  from  tubes  constructed  with  the  pultrusion  process  are  shown  in  Figure  6.7.  In 
Figure  6.6,  the  large-scale  pultruded  tubes  are  compared  with  filament-wound  tubes.  The  values 
all  fall  short  of  those  for  equivalent  filament-wound  tubes,  especially  at  low  temperatures.  The 
reason  for  the  poorer  performance  of  the  pultruded  tubes  is  not  immediately  apparent.  The 
tubes  have  not  been  compared  for  relative  differences  in  porosity  (volume  percent  or  size). 

Fiber  alignment  should  be  better  in  the  pultruded  tubes.  There  are  distinctions  in  the  hoop- 
oriented  fibers  (see  Appendix  A).  However,  as  seen  from  Figures  6.6  and  6.7  at  comparable 
axial  modulus  levels,  the  strengths  of  pultruded  tubes  are  always  less  than  those  of  filament- 
wound  tubes. 
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Figure  6.7.  Compressive  strength  versus  axial  modulus  for  pultruded  tubes. 
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6.5  Strain  to  Failure 


Most  average  values  of  tube  strain  to  failure  (summarized  in  Table  5.1)  range  from 
1.4  to  1.8%  at  room  temperature  for  unidirectional  (axial)  fiber  orientations  and  more  than 
2.0%  for  quasi-isotropic  lay-ups.  At  low  temperatures,  the  strain-to-failure  values  are  higher: 
the  average  maximum  values  are  about  30%  higher  at  76  K than  at  295  K.  In  general,  for 
unidirectional-fiber-dominated  lay-ups,  the  correspondence  of  the  strain-to-failure  data  with 
composite  and  manufacturing  variables  is  similar  to  that  of  compressive  strength,  as  discussed 
in  §6.2  through  §6.4. 

Hoop  strain  to  failure  is,  very  generally,  inversely  related  to  the  axial  modulus.  At  all 
temperatures,  maximum  hoop  strain  is  linearly  related  to  the  axial  strain  to  failure,  with  the 
exception  of  room-temperature  data  from  those  tubes  that  do  not  contain  hoop  windings  (Fig- 
ure 6.8). 

At  low  temperatures,  the  lack  of  hoop  windings  is  not  significant,  and  all  data  between 
hoop  and  axial  strains  are  linearly  related.  Apparently,  at  low  temperatures,  the  resin  matrix 
has  sufficient  elastic  stiffness  to  restrain,  circumferentially,  the  microbuckling  tendencies  of  the 
axial  fibers. 
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Figure  6.8.  Hoop  versus  axial  strain. 
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6.6  Optimization  of  Strength  and  Thermal  Conductivity 

In  §V.3,  we  reported  thermal  conductivity  measurements  as  a function  of  temperature 
for  0°  and  90°  fiber  orientations.  The  thermal  conductivity  of  the  quasi-isotropic  fiber  lay-up 
can  be  estimated  by  assuming  that  the  thermal  conductivity  is  half  the  sum  of  the  0°  and  90° 
values.  Then,  simple  ratios  were  calculated  to  compare  the  strength  and  thermal  conductivity  of 
unidirectional  and  quasi-isotropic  fiber  lay-ups;  they  are  presented  in  Table  6.1.  At  all  tempera- 
tures, the  thermal  conductivities  of  composites  with  quasi-isotropic  fiber  lay-ups  were  about 
20%  less  than  those  of  composites  with  unidirectional  fiber  lay-ups.  Thus,  heat  leakage  was 
reduced  about  20%  in  changing  to  off-axis  fiber  orientations.  However,  at  room  temperature, 
about  25%  of  tube  compressive  strengths  were  lost  by  changing  from  unidirectional  to  quasi- 
isotropic lay-ups.  At  low  temperatures,  the  compressive  strength  increased  about  50%  for  uni- 
directional orientations.  Quasi-isotropic  lay-ups  at  low  temperatures  provided  about  the  same 
compressive  strengths  as  unidirectional  lay-ups  at  room  temperature  but  about  30%  less  strength 
than  unidirectional  lay-ups  at  low  temperatures. 

To  summarize,  if  one  uses  a one-tube  strut  system  spanning  the  temperature  range  from 
4 to  295  K,  the  weakest  portion  of  the  tube  is  at  room  temperature,  and  therefore,  one  should 
use  a fiber  lay-up  with  predominantly  0°  to  10°  fiber  orientations  and  some  at  80°  to  90°.  If 
one  uses  a two-tube  strut  system  with  temperature  increments  from  4 to  76  K and  76  to  295  K, 
both  tubes  should  have  predominantly  0°  to  10°  fiber  lay-ups  if  the  tube  cross-sectional  area  is 
reduced  in  the  low-temperature  segment.  If  the  tube  cross-sectional  area  is  held  constant,  then  a 
quasi-isotropic  lay-up  may  be  used  in  the  low-temperature  section  to  reduce  heat  leakage. 


Table  6.1.  Effects  of  unidirectional  and  quasi-isotropic  fiber  lay-ups 
on  ratios  of  tube  strength  and  thermal  conductivity. 


Property 

Unidirectional 
(near  0°) 

Quisi-isotropic 
(0°,  45°,  90°) 

Thermal  conductivity 
(all  temperatures) 

1 

0.8 

Compressive  strength 

at  295  K 

1 

0.75 

at  76,  4 K 

1.5 

1.05 

6.7  Comparison  of  Strengths 

Tensile  and  compressive  strength  data  for  E-glass  and  unidirectional  plies  and  tubes  are 
summarized  in  Table  6.2.  From  Figure  4.1  of  §IV,  the  tensile  strength  of  E-glass  is  about  3800 
MPa  (550  ksi)  at  room  temperature  and  5700  MPa  (825  ksi)  at  76  K.  The  tensile  strengths  of 
unidirectional  plies  (adjusted  to  100%  fiber  volume  fraction)  are  about  65%  less  than  the  fiber 
strengths  (see  Tables  1.3  and  1.6  of  §V)  at  both  295  and  76  K.  Surprisingly,  the  compressive 
strengths  of  unidirectional  plies  and  tubes  with  predominately  unidirectional  fiber  orientations 
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are  nearly  identical.  Adjusted  to  100%  fiber  volume  percent,  the  tensile  strengths  of  both  equal 
1750  MPa  (250  ksi)  at  76  K,  and  at  room  temperature,  their  strengths  are  within  7%. 

The  close  similarity  of  compressive  strengths  of  the  unidirectional  plies  and  tubes 
suggests  difficulty  in  achieving  higher  strengths  by  adjusting  the  fiber  lay-up  in  tubes.  How- 
ever, since  the  unidirectional  ply  specimens  had  rather  high  porosity,  strength  improvements 
may  be  possible  by  lowing  the  porosity  content  or  size  in  both  types  of  composites. 


Table  6.2.  Comparison  of  strengths. 


Tensile 

Compressive 

Tensile 

Compressive 

Material 

Strength 

Strength 

Strength 

Strength 

(MPa)  (ksi) 

(MPa)  (ksi) 

(MPa)  (ksi) 

(MPa)  (ksi) 

at  room  temperature 

at  76  K 

E-glass  fiber 

3800  550 

— 

5700  825 

— 

Unidirectional  ply 
-75  vol.%  fiber 

1010  146 

800  115 

1320  190 

1400  200 

-extrapolated  to 

1350  200 

1075  155 

1750  250 

1875  275 

100%  fiber) 

Unidirectional  tube 
-60  vol.%  fiber 

700  100 

1050  150 

-extrapolated  to 

— 

1150  170 

— 

1750  250 

100  vol.%  fiber 


6.8  Factors  of  Concern  for  Strut  Systems 

Rather  large  data  scatter  resulted  from  compression  tests  of  10-mm-  to  250-mm- 
diameter  tubes  produced  by  filament-winding  and  pultrusion  processes.  This  data  scatter  has 
been  attributed,  primarily,  to  production-induced  irregularities,  such  as  porosity  and  resin-rich 
areas.  To  improve  the  operating  stress  levels  of  struts,  better  production  techniques  must  be 
developed  and  maintained.  Some  improvement  will  come  naturally  from  production  repeti- 
tiveness. Other  improvement  must  be  insisted  upon  by  the  drafting  of  tighter  procurement 
specifications. 

Qualification  (acceptance)  criteria  for  manufactured  tubes  must  also  be  addressed. 
Alternate  techniques  include  proof  testing,  mechanical  screening  at  lower  stress  levels,  or 
nondestructive  evaluation  (NDE).  In  our  view,  the  most  practical  and  least  expensive  approach 
is  mechanical  screening  using  strain  measurements.  For  example,  perhaps  guidelines  such  as 
those  suggested  in  §IX  could  be  developed.  Proof  testing  requires  extensive  large-scale  testing, 
and  NDE  techniques  will  require  significant  development.  However,  once  developed,  NDE 
techniques  would  offer  speed  and  accuracy  not  available  from  other  methods. 
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Other  factors  that  have  an  impact  on  these  considerations  and  the  establishment  of 
structural  safety  factors  are  the  degree  of  structural  redundancy  (in  the  strut  system)  that  is 
factored  into  the  design  of  SMES  plants  and  the  ease  of  in-service  monitoring,  repair,  and 
replacement  of  strut  systems. 

The  thermal  intercepts  included  in  the  strut  systems  must  also  be  considered.  If  the 
thermal  intercept  is  mechanically  attached  to  each  tube,  the  connection  may  result  in  reduced 
compressive  or  fatigue  strength  at  the  interface.  In  this  case,  the  entire  strut  system  must  be 
tested  to  compare  system  and  tube  strengths. 

Finally,  each  strut  system  endures  a temperature  gradient  from  4 to  295  K with  possible 
other  fixed  temperatures  (from  thermal  intercepts)  along  this  length.  The  temperature  gradient 
induces  a stress  gradient  along  the  tube  length.  If  the  thermal  gradient  is  too  severe,  the  re- 
sulting stress  gradient  may  be  sufficient  to  focus  fatigue  strain  within  this  particular  tube  length. 
This  possibility  suggests  that  strut-system  testing  should  be  performed  under  simulated  operat- 
ing conditions  prior  to  selecting  the  final  design. 


7.  References 

[2.1]  Davis,  J.G.,  Jr.  Fabrication  of  uniaxial  filament-reinforced  epoxy  tubes  for  structural 
applications.  Soc.  Adv.  Mater.  Process  Eng.  Proc.  14:  II2A-1;  1968. 

[2.2]  Swanson,  S.R.;  Colvin,  G.E.,  Jr.;  Haslam,  C.L.  Measurements  of  the  compressive  be- 
havior of  AS4/3501-6  and  IM7/8551-7  carbon/epoxy,  in  Proceedings,  33rd  international 
SAMPE  symposium.  Covina,  CA:  Society  for  Advanced  Material  and  Process  Engi- 
neering; 1988.  1571-1578. 

[2.3]  Colvin,  G.E.,  Jr.;  Swanson,  S.R.  In-situ  compressive  strength  of  carbon/epoxy  AS4/ 
3501-6  laminates.  ASME  J.  Mater.  Technol.  115:  122-128;  1993. 

[2.4]  Khitrov,  V.V.;  Kutarzhnov,  Y.I.  The  effect  of  angle  of  reinforcement  on  the  carrying 
capacity  of  wound  tubes  in  compression.  Mech.  Compos.  Mater.  4:  372-376;  1979. 

[2.5]  Hahn,  H.T.;  Williams,  J.G.  Compression  failure  mechanisms  in  unidirectional  com- 
posites. NASA  TM-85834;  1984. 

[2.6]  Greszczuk,  L.B.  MicrobuckJing  of  laminar  reinforced  composites,  in  Composite  mate- 
rials and  design.  ASTM  STP  546.  Philadelphia,  PA:  American  Society  for  Testing  and 
Materials;  1974.  5-29. 

[2.7]  Sohi,  M.M.;  Hahn,  H.T.;  Williams,  J.G.  The  effect  of  resin  toughness  and  modulus  on 
compressive  failure  modes  of  quasi-isotropic  graphite/epoxy  laminates,  in  Toughened 
composites.  ASTM  STP  937.  Philadelphia,  PA:  American  Society  for  Testing  and 
Materials;  1987.  37-60. 

[2.8]  Shuart,  M.J.  Failure  of  compression-loaded  multi-directional  composite  laminates. 

AIAA  J.  88:  631-641;  1988. 


Vl-44 


[2.9]  Sinclair,  J.H.;  Chamis,  C.C.  Compressive  behavior  of  unidirectional  fibrous  compos- 
ites, in  Compressing  testing  of  homogenous  materials  and  composites.  ASTM  STP  808, 
155-174.  Philadelphia,  PA:  American  Society  for  Testing  and  Materials;  1982. 

[2.10]  Brink,  N.O.  Mechanical  behavior  of  reinforced  plastics  at  cryogenic  temperatures.  Soc. 
Plast.  Eng.  J.  20:  1123-1131;  1964. 

[2.11]  Hanson,  P.H.;  Richards,  H.T.;  Hickel,  R.O.  Preliminary  investigation  of  filament- 
wound  glass-reinforced  plastics  and  liners  for  cryogenic  vessels.  NASA  TN  D-2741; 
1965. 

[4.1]  Peters,  S.T.  Filament  winding,  in  Reference  book  for  composite  technology.  Lancaster, 
PA:  Technomic  Publishing;  1989.  143-178. 


VI-45 


8.  Appendixes 


Appendix  A.  Tube  Construction 

TUBE  TYPE  1 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 

FIBER: 

PROCESS: 


A 

[±10]n 

10.2  mm  (0.40  in) 

710  mm  (28  in),  480  mm  (19  in),  230  mm  (9  in) 

DGEBA/DCH/ARA/ACL 

E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

filament  winding 

0.56 
0.023 


MEASURED  FIBER  VOLUME  FRACTION: 

MEASURED  VOID  VOLUME  FRACTION: 

COMMENTS: 

• Thickness:  24  plies  x 0.424  mm  (0.0167  in)/ply  = 10.2  mm  (0.401  in) 

• Proprietary  resin  and  cure  schedule 
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TUBE  TYPE  2 


MANUFACTURER:  A 

LAY-UP:  [±10]„ 


WALL  THICKNESS: 
LENGTH: 

RESIN: 

FIBER: 

PROCESS: 


MEASURED  FIBER  VOLUME  FRACTION: 
MEASURED  VOID  VOLUME  FRACTION: 
COMMENTS: 


5.1  mm  (0.20  in) 

710  mm  (28  in) 
DGEBA/DCH/ARA/ACL 
E-glass,  1100  TEX  (450  yd/lb), 
filament  winding 

0.53 
0.018 


continuous  strand 


• Thickness:  12  plies  x 0.424  mm  (0.0167  in)/ply  = 5.1  mm  (0.200  in) 

• Proprietary  resin  and  cure  schedule 
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TUBE  TYPE  3 


MANUFACTURER:  A 


LAY-UP: 


[82/±45/±  103/1 45/822/ ±45/+  IO3/  + 45/82] 


WALL  THICKNESS:  10.2  mm  (0.40  in) 

LENGTH:  710  mm  (28  in),  480  mm  (19  in),  230  mm  (9  in) 


RESIN: 


DGEBA/DCH/ARA/ACL 


FIBER:  E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

PROCESS:  filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.54 

MEASURED  VOID  VOLUME  FRACTION:  0.017 

COMMENTS: 

• 24  plies; 

thickness:  12  [ + 10]  plies  x 0.43  mm  (0.017  in)/ply  = 5.2  mm  (0.204  in)  - 50% 
4 [82]  plies  x 0.43  mm  (0.017  in)/ply  = 1.7  mm  (0.068  in)  - 17% 

8 [±45]  plies  x 0.43  mm  (0.017  in)/ply  = 3.4  mm  (0.136  in)  - 33% 

• Proprietary  resin  and  cure  schedule 
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TUBE  TYPE  4 


MANUFACTURER: 


A 


RESIN: 


LENGTH: 


WALL  THICKNESS: 


LAY-UP: 


[82/±45/±103/±45/82] 
5.1  mm  (0.20  in) 

710  mm  (28  in) 
DGEBA/DCH/ARA/ACL 


PROCESS: 


FIBER: 


E-glass,  1 100  TEX  (450  yd/lb),  continuous  strand 
filament  winding 


MEASURED  FIBER  VOLUME  FRACTION:  0.52 


MEASURED  VOID  VOLUME  FRACTION: 


0.005 


COMMENTS: 

• 12  plies; 

thickness:  6 [±10]  plies  x 0.43  mm  (0.017  in)/ply  = 2.6  mm  (0.102  in)  - 50% 
2 [82]  plies  x 0.43  mm  (0.017  in)/ply  = 0.86  mm  (0.034  in)  - 17% 
4 [+45]  plies  x 0.43  mm  (0.017  in)/ply  = 1.7  mm  (0.068  in)  - 33% 

• There  are  no  internal  circular  wraps  [82]  on  this  lay-up 

• Proprietary  cure  and  resin  schedule 
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TUBE  TYPE  5 


MANUFACTURER:  A 

LAY-UP:  [82/±  IO3/82/+ IO3/82/+ IO3/82] 


WALL  THICKNESS: 
LENGTH: 

RESIN: 

FIBER: 

PROCESS: 


MEASURED  FIBER  VOLUME  FRACTION: 
MEASURED  VOID  VOLUME  FRACTION: 
COMMENTS: 


10.2  mm  (0.40  in) 

710  mm  (28  in),  480  mm  (19  in),  230  mm  (9  in) 

DGEBA/DCH/ARA/ACL 

E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

filament  winding 

0.609 
<0.005 


• 22  plies; 

thickness:  18  [±10]  plies  x 0.51  mm  (0.020  in)/ply  = 9.1  mm  (0.360  in)  - 90% 
4 [82]  plies  x 0.025  mm  (0.010  in)/ply  = 1 mm  (0.040  in)  - 10% 

• 2 internal  hoop  winds  [82] 

• Proprietary  resin  and  cure  schedule 


Vl-50 


i 


TUBE  TYPE  6 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 

FIBER: 

PROCESS: 


MEASURED  FIBER  VOLUME  FRACTION: 
MEASURED  VOID  VOLUME  FRACTION: 
COMMENTS: 


[82/+IO3/82/+IO3/82] 

5.1  mm  (0.20  in) 

710  mm  (28  in) 
DGEBA/DCH/ARA/ACL 
E-glass,  1 100  TEX  (450  yd/Ib), 
filament  winding 

0.64 
<0.005 


continuous  strand 


• 15  plies: 

thickness:  12  [+10]  plies  x 0.36  mm  (0.014  in)/ply  = 4.3  mm  (0.168  in)  - 85% 
3 [82]  plies  x 0.25  mm  (0.01  in)/ply  = 0.75  mm  (0.030  in)  - 15% 

• 1 internal  hoop  winding  [82] 

• Proprietary  resin  and  cure  schedule 
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TUBE  TYPE  7 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


B 

[ 82/ + 92/82/  ± 92/82/  ± 92/82/  ± 92/82] 
10.2  mm  (0.40  in) 

710  mm  (28  in) 

DGEBA/ARA/DTA 


FIBER:  E-glass,  1 100  TEX  (450  yd/lb),  continuous  strand 

PROCESS:  filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.49 


MEASURED  VOID  VOLUME  FRACTION:  0.071 

COMMENTS: 

• Cure:  1 h at  120°C,  2 h at  177°C 

• 21  plies; 

thickness:  16  [+9]  plies  x 0.53  mm  (0.021  in)/ply  = 8.5  mm  (0.336  in)  - 85% 
5 [82]  plies  x 0.30  mm  (0.012  in)/ply  = 1.5  mm  (0.060  in)  - 15% 
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TUBE  TYPE  8 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


B 

[82/ ±92/82/ ±92/82] 
5.1  mm  (0.20  in) 
710  mm  (28  in) 
DGEBA/ARA/DTA 


FIBER:  E-glass,  1 100  TEX  (450  yd/lb),  continuous  strand 

PROCESS:  filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.59 

MEASURED  VOID  VOLUME  FRACTION:  0.052 

COMMENTS: 

• Cure:  1 h at  120°C,  2 h at  177 °C) 

• 11  plies; 

thickness:  8 [±9]  plies  x 0.53  mm  (0.021  in)/ply  = 4.3  mm  (0.17  in)  - 84% 

3 [82]  plies  x 0.28  mm  (0.011  in)/ply  = 0.84  mm  (0.033  in)  - 16% 
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TUBE  TYPE  9 


MANUFACTURER: 

B 

LAY-UP: 

[ 82/  ± 92/82/  ± 92/82/  ± 92/82/  ± 92/82] 

WALL  THICKNESS: 

10.2  mm  (0.40  in) 

LENGTH: 

710  mm  (28  in) 

RESIN: 

VE-EL/MEKP 

FIBER: 

E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

PROCESS: 

filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.55 

MEASURED  VOID  VOLUME  FRACTION:  0.030 

COMMENTS: 

• 24  h cure  at  room  temperature 

• 21  plies; 

thickness:  16  [+9]  plies  x 0.53  mm  (0.021  in)/ply  = 8.5  mm  (0.336  in)  - 86% 
5 [82]  plies  x 0.28  mm  (0.011  in)/ply  = 1.4  mm  (0.055  in)  - 14% 


TUBE  TYPE  10 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


B 

[82/ ±92/82/ ±92/82] 
5.1  mm  (0.20  in) 
710  mm  (28  in) 
VE-EL/MEKP 


FIBER:  E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

PROCESS:  filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.63 

MEASURED  VOID  VOLUME  FRACTION:  0.012 


COMMENTS: 

• Cure:  24  h at  room  temperature 

• 11  plies; 

thickness:  8 [±9]  plies  x 0.53  mm  (0.021  in)/ply  = 4.2  mm  (0.168  in)  - 83% 
3 [82]  plies  x 0.28  mm  (0.011  in)/ply  = 0.84  mm  (0.033  in)  - 17% 


mm  0 ■ 2 
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TUBE  TYPE  1 1 


MANUFACTURER:  C 


LAY-UP: 

WALL  THICKNESS: 
LENGTH: 


[ + 65/O3/ + 23/O4/  ± 23/O2/  ± 23/O2/  ± 65] 
10.2  mm  (0.40  in) 

710  mm  (28  in) 


RESIN:  VE-EL/MEKP 

FIBER:  E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

E-glass,  532g/m^  (15.7  oz/yd^),  unidirectional  weft 
PROCESS:  filament  winding  -I-  hand  lay-up  (unidirectional  weft) 

MEASURED  FIBER  VOLUME  FRACTION:  0.52 

MEASURED  VOID  VOLUME  FRACTION:  0.013 


COMMENTS: 

• 21  layers; 

52%  [0],  19%  [±65],  29%  [±23];  thickness  not  supplied  by  manufacturer 

• This  lay-up  is  similar  to  the  A24  lay-up  (50%  [±  10],  17%  [90],  33%  [±45]) 
except  that  cloth  was  used  to  get  true  zeroes  in  these  tubes 

• Proprietary  cure  schedule 
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TUBE  TYPES  12  and  13 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


A 

[ ± 45/  ± 1 02/ + 45/  ± 1 0/-45/  ± 45] 
5.1  mm  (0.20  in) 

710  mm  (28  in) 
DGEBA/ARA/DTA 


FIBER:  Tube  12:  E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

Tube  13:  same  fiber,  but  under  high-tension  (~2-kg)  fiber 

PROCESS:  filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.59 

MEASURED  VOID  VOLUME  FRACTION:  0.025 


COMMENTS: 

• Except  for  the  fiber  tension,  tube  types  12  and  13  (not  shown)  are  identical. 

• 12  plies: 

thickness:  6 [±45]  plies  x 0.34  mm  (0.0133  in)/ply*  = 2.0  mm  (0.080  in)  - 40% 
6 [±10]  plies  X 0.51  mm  (0.020  in)/ply'*'  = 3.0  mm  (0.120  in)  - 60% 

• Proprietary  resin  and  cure  schedule 

^estimate 
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TUBE  TYPES  14  and  15 


MANUFACTURER:  A 


LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


[±45/±  IO2/  + 45/+ 10/-45/±45] 
5.1  mm  (0.20  in) 

710  mm  (28  in) 
DGEBF/CTBN/AN 


FIBER:  Tube  14:  E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

Tube  15:  same  fiber,  but  under  high-tension  (~2-kg)  fiber 

PROCESS:  filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.58 

MEASURED  VOID  VOLUME  FRACTION:  0.060 


COMMENTS: 

• Except  for  the  fiber  tension.  Tubes  14  and  15  (not  shown)  are  identical. 

• 12  plies; 

thickness:  6 [±45]  plies  x 0.34  mm  (0.0133  in)/ply*  = 2.0  mm  (0.080  in)  - 40% 
6 [±10]  plies  X 0.51  mm  (0.020  in)/ply*  = 3.0  mm  (0.120  in  - 60% 

^estimate 
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TUBE  TYPE  16 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


A 

[82/ ±106/82] 

5.1  mm  (0.20  in) 

710  mm  (28  in) 
DGEBA/DCH/ARA/ACL 


FIBER:  E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

PROCESS:  filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.57 

MEASURED  VOID  VOLUME  FRACTION:  0.074 

COMMENTS: 

• 14  plies; 

thickness:  12  [±10]  plies  x 0.38  mm  (0.015  in)/ply  = 4.6  mm  (0.180  in)  - 90% 
2 [82]  plies  x 0.25  mm  (0.010  in)/ply  = 0.50  mm  (0.020  in)  - 10% 

• No  midwall  circular  wraps 

• Proprietary  resin  and  cure  schedule 
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TUBE  TYPE  17 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


A 

[82/+ 106/82/+ 106/82] 

8.9  mm  (0.35  in) 

1200  mm  (49  in),  610  (24  in) 
DGEBA/DCH/ARA/ACL 


FIBER:  E-glass,  1 100  TEX  (450  yd/lb),  continuous  strand 

PROCESS:  filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.59 

MEASURED  VOID  VOLUME  FRACTION:  0.065 

COMMENTS: 

• 27  plies; 

thickness:  24  [+10]  x 0.34  mm  (0.0135  in)/ply  = 8.2  mm  (0.324  in)  - 92% 
3 [82]  plies  x 0.25  mm  (0.010  in)/ply  = 0.75  mm  (0.030  in)  - 8% 

• 1 midwall  circular  ply 

• Proprietary  resin  and  cure  schedule 
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TUBE  TYPE  18 


MANUFACTURER:  A 

LAY-UP:  [82/±  106/82/+ 106/82] 


WALL  THICKNESS: 
LENGTH: 

RESIN: 

FIBER: 

PROCESS: 


MEASURED  FIBER  VOLUME  FRACTION: 
MEASURED  VOID  VOLUME  FRACTION: 
COMMENTS: 


12.7  mm  (0.500  in) 

1800  mm  (703  in),  910  mm  (36  in) 

DGEBA/DCH/ARA/ACL 

E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

filament  winding 

0.57 
0.055 


• 27  plies; 

thickness:  24  [±10]  plies  x 0.51  mm  (0.020  in)/ply  = 12.2  mm  (0.480  in)  - 94% 
3 [82]  plies  x 0.25  mm  (0.010  in)/ply  = 0.75  mm  (0.030  in)  - 6% 

• 1 midwall  circular  wrap  [82] 

• Proprietary  resin  and  cure  schedule 
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TUBE  TYPE  19 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


A 

[82/ ±106/82] 

5.1  mm  (0.20  in) 
710  mm  (28  in) 
DGEBF/CTBN/AN 


FIBER:  E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

PROCESS:  filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.57 

MEASURED  VOID  VOLUME  FRACTION:  0.054 


COMMENTS: 

• Except  for  fiber  type,  tubes  19  and  20  are  identical. 

• 14  plies; 

thickness:  12  [±10]  plies  x 0.38  mm  (0.015  in)/ply  = 4.6  mm  (0.18  in)  - 90% 
2 [82]  plies  x 0.25  mm  (0.010  in)/ply  = 0.50  mm  (0.020  in)  - 10% 

• No  midwall  circular  wraps 

• Proprietary  resin  and  cure  schedule 
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TUBE  TYPE  20 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 

FIBER: 

PROCESS: 


MEASURED  FIBER  VOLUME  FRACTION: 
MEASURED  VOID  VOLUME  FRACTION: 


[82/+ 106/82] 

5.1  mm  (0.20  in) 

710  mm  (28  in) 

DGEBF/CTBN/AN 

Tube  20:  S2-glass,  1 100  TEX  (450  yd/lb),  continuous  strand 
filament  winding 

0.54 
0.094 


COMMENTS: 

• Except  for  fiber  type,  tubes  19  and  20  are  identical. 

• 14  plies; 

thickness:  12  [+10]  plies  x 0.38  mm  (0.015  in)/ply  = 4.6  mm  (0.18  in)  - 90% 
2 [82]  plies  x 0.25  mm  (0.010  in)/ply  = 0.50  mm  (0.020  in)  - 10% 

• No  midwall  circular  wraps 

• Proprietary  resin  and  cure  schedule 
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TUBE  TYPE  21 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


A 

[82/±  106/82] 

5.1  mm  (0.20  in) 
710  mm  (28  in) 
VE-EL/MEKP 


FIBER:  E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 

MEASURED  FIBER  VOLUME  FRACTION:  0.46 

MEASURED  VOID  VOLUME  FRACTION:  <0.005 

COMMENTS: 

• 14  plies; 

thickness:  12  [+10]  plies  x 0.38  mm  (0.015  in)/ply  = 4.6  mm  (0.18  in)  - 90% 
2 [82]  plies  x 0.25  mm  (0.010  in)/ply  = 0.50  mm  (0.020  in)  - 10% 

• No  midwall  circular  wraps 

• Proprietary  resin  and  cure  schedule 
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TUBE  TYPE  22 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


P 

[9O/O3/9O/O3/9O] 

5.1  mm  (0.200  in) 

710  mm  (28  in) 
DGEBA-ST/ARA/ACL/F 


FIBER:  E-glass  (185  yield  = hoop)  (113  yield  = axial) 

PROCESS:  pultrusion 

MEASURED  FIBER  VOLUME  FRACTION:  0.58 

MEASURED  VOID  VOLUME  FRACTION:  0.015 


COMMENTS: 

• 9 plies; 

thickness:  6 [0]  plies  x 0.51  mm  (0.020  in)/ply  = 3.1  mm  (0.120  in)  - 60% 

3 [90]  plies  X 0.51  mm  (0.020  in)/ply  = 1.5  mm  (0.060  in)  - 30% 
balance  = inner/outer  mat  283  g (10  oz)  and  Nexus  - 10% 

• 1 midwall  circular  wrap  [90] 

• Resin  cured  in  heated  mandrel  at  82  °C 
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TUBE  TYPE  23 


MANUFACTURER: 

P 

LAY-UP: 

[9O/O3/9O/O3/9O] 

WALL  THICKNESS: 

5.1  mm  (0.20  in) 

LENGTH: 

710  mm  (28  in) 

RESIN: 

VE-EL/MEKP 

FIBER: 

E-glass  (185  yield  = hoop)  (113  yield  = axial) 

PROCESS: 

pultrusion 

MEASURED  FIBER  VOLUME  FRACTION:  0.58 

MEASURED  VOID  VOLUME  FRACTION:  0.017 

COMMENTS: 

• 9 plies; 

thickness:  6 [0]  plies  x 0.51  mm  (0.020  in)/ply  = 3.1  mm  (0.120  in)  - 60% 

3 [90]  plies  X 0.51  mm  (0.020  in)/ply  =1.5  mm  (0.060  in)  - 30% 
balance  = inner/outer  mat  283  g (10  oz)  and  Nexus  - 10% 

• 1 midwall  circular  [90]  wrap 

• Resin  cured  in  heated  mandrel  at  82  °C 


TUBE  TYPE  24 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 


P 

[90/06/90/06/90] 
12.7  mm  (0.500  in) 
1800  mm  (70  in) 
VE-EL/MEKP 


FIBER:  E-glass  (250  yield  = hoop)  (56  yield  = axial) 

PROCESS:  pultrusion 

MEASURED  FIBER  VOLUME  FRACTION:  0.60 

MEASURED  VOID  VOLUME  FRACTION:  <0.005 


COMMENTS: 

• 15  plies; 

thickness:  12  [0]  plies  x 0.86  mm  (0.034  in)/ply  = 10.3  mm  (0.408  in)  - 82% 
3 [90]  plies  X 0.51  mm  (0.020  in)/ply  = 1.5  mm  (0.060  in)  - 12% 
Nexus  and  cloth  (inside  and  outside  wall)  - 6% 

• 1 midwall  circular  wrap  [90] 

• Resin  cured  in  mandrel  at  82°C 
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TUBE  TYPE  25 


MANUFACTURER: 

A 

LAY-UP: 

[ ± 82/  ± 1 03/ + 82/  + 1 03/  ± 82/  + 1 03/  ± 82] 

WALL  THICKNESS: 

8.9  mm  (0.35  in) 

LENGTH: 

710  mm  (28  in),  360  mm  (14.0  in) 

RESIN: 

DGEBA/DCH/ARA/ACL 

FIBER: 

1100  TEX  (450  yd/lb),  continuous  strand 

PROCESS: 

filament  winding 

MEASURED  FIBER  VOLUME  FRACTION:  0.58 

MEASURED  VOID  VOLUME  FRACTION:  0.054 

COMMENTS: 

• 26  plies; 

thickness:  18  [+10]  plies  x 0.38  mm  (0.015  in)/ply  = 6.85  mm  (0.27  in)  - 77% 
8 [±82]  plies  x 0.25  mm  (0.010  in)/ply  = 2.0  mm  (0.08  in)  - 23% 

• Proprietary  resin  and  cure  schedule 


TUBE  TYPE  26 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 

FIBER: 


R 

[±10]n 

5.1  mm  (0.20  in) 

360  mm  (14  in) 

CE 

E-glass,  1100  TEX  (450  yd/lb),  continuous  strand 
(prepreg) 


PROCESS:  rubber  expansion  4-  hand  lay-up 

MEASURED  FIBER  VOLUME  FRACTION:  0.58 

MEASURED  VOID  VOLUME  FRACTION:  0.080 

COMMENTS: 

• 44  plies  [0.12  mm  (0.005  in)/ply] 

• Tube  manufactured  by  rubber-expansion  method,  cured  at  177°C  for  2 h 
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TUBE  TYPE  27 


MANUFACTURER: 

LAY-UP: 

WALL  THICKNESS: 
LENGTH: 

RESIN: 

FIBER: 


R 

[90/±45/03/±45/90]45 
5.1  mm  (0.20  in) 

360  mm  (14  in) 

CE 

E-glass,  1 100  TEX  (450  yd/lb),  continuous  strand 
(prepreg) 


PROCESS:  rubber  expansion  -I-  hand  lay-up 

MEASURED  FIBER  VOLUME  FRACTION:  - 

MEASURED  VOID  VOLUME  FRACTION:  - 


COMMENTS: 

• 36  plies; 

thickness:  8 [90]  plies  x 0.14  mm  (0.0056  in)/ply  =1.12  mm  (0.044  in)  - 22% 

16  [ + 45]  plies  x 0.14  mm  (0.n056  in)/ply  = 2.24  mm  (0.088  in)  - 44% 
12  [0]  plies  X 0.14  mm  (0.0056  in)/ply  = 1.68  mm  (0.066  in)  - 34% 

• Tube  manufactured  by  rubber-expansion  method,  cured  at  177 °C  for  2 h 
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Appendix  B.  Photographs  of  Test  Equipment  and  Specimens 


Figure  B.l.  The  4.5-MN  servohydraulic  fatigue  machine  (295  to  4 K). 
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Figure  B.2.  Specimen  ready  for  295-K  test  of  ultimate  compressive  strength. 
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Figure  B.4.  Typical  failure  in  [+10]  lay-up. 
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t = 15.620  s 
no  apparent  damage 


t = 15.621  s 

±10°  crack  and  horizontal  crack 


t = 15.622  s t = 15.623  s 

multiple  cracks;  failure  failure 


Figure  B.5.  Sequence  showing  instantaneous  failure  in  a [±  10]  lay-up. 


VI-74 


Figure  B.6.  Typical  cap  failure  of  filament- 
wound  tube  (type  19). 


Figure  B,8.  Test-section  failure  in  pultruded 
tube  (type  23). 


Figure  B.7.  Typical  test-section  failure  of 
filament-wound  tube  (type  19). 


Figure  B.9.  Test-section  failure  in  pultruded- 
tube  end  cap  (tube  type  23). 
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Figure  B.l  1.  Pultruded-tube-end  failure  in  tube  type  5. 
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Figure  B.12.  Failure  in  tube  type  5 at  76  K. 


Figure  B.13,  Failure  in  tube  type  5 at  4 K. 
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Figure  B.14.  Internal  hoop-ply  delamination  (tube  type  18)  at  76  K. 


Figure  B.  15.  Test  section  failure  (pultruded  tube  type  24). 
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VII.  Analyses  of  the  Response 
of  Fiber-Reinforced  Composite  Cylinders  to  Loads 


George  S.  Springer  and  Ldszld  P.  Kolldr 

Stanford  University 
Stanford,  California 


A method  was  developed  that  describes  the  response  of  fiber-reinforced 
composite  cylinders  to  axially  varying  mechanical  and  thermal  loads.  The  analysis 
utilizes  a three-dimensional  elasticity  solution,  Fourier’s  heat  conduction  law,  and 
the  Tsai-Wu  failure  criterion.  The  equations  governing  the  problem  were  derived, 
and,  on  the  basis  of  these  equations,  a computer  code  was  written  that  provides  the 
stress,  strain,  and  temperature  distributions  inside  the  cylinder  and  the  load  at  which 
first  ply  failure  occurs.  To  validate  the  model  and  the  code,  results  obtained  by  the 
code  were  compared  with  existing  numerical  and  experimental  results.  In  every 
case,  good  agreement  was  found  between  the  present  and  previous  results. 


1 . Introduction 

Numerous  analyses  have  been  proposed  in  the  past  for  calculating  the  stresses  and 
strains  in  fiber-reinforced  composite  cylinders  subjected  to  mechanical  and  hygrothermal  loads. 
Most  of  the  existing  analyses  employ  shell  approximations,  as  indicated  by  the  recent  survey  of 
Noor  et  al.  [1.1]. 

Analytical  solutions  taking  into  account  three-dimensional  variations  in  stresses  and 
strains  have  been  developed  by  Chou  and  Achenbach,  Noor  and  Rarig,  Srinivas,  Grigorenko 
et  al.,  Chandrashekhara  and  Gopalakrishnan,  Hyer  et  al.,  Ren,  Hyer,  Roy  and  Tsai,  Noor  and 
Peters,  Spencer  et  al.,  Varadan  and  Bhaskar,  and  Roy  [1.2-1.14].  These  investigators  analyzed 
only  orthotropic  cylinders. 

Three-dimensional  stress  analyses  of  composite  cylinders  with  arbitrary  lay-ups  have 
been  presented  by  Lekhnitskii,  Hyer  and  Rousseau,  Hyer  et  al.,  Lee  and  Springer,  Spencer  et 
al.,  Kolldr  and  Springer,  and  Kolldr  et  al.  [1.15-1.21].  Only  Kollir  et  al.  considered  radially 
and  circumferentially  varying  stresses  [1.20,  1.21].  All  the  other  investigators  took  into  account 
stresses  that  vary  only  in  the  radial  direction.  No  analysis  seems  to  be  available  for  generally 
anisotropic,  thick  composite  cylinders,  in  which  the  stresses  and  strains  vary  in  both  the  axial 
and  radial  directions.  Therefore,  the  objective  of  this  investigation  was  to  develop  a stress 
analysis  of  composite  cylinders  in  which  stresses  and  strains  vary  in  the  axial  and  radial  direc- 
tions due  to  imposed  hygrothermal  and  mechanical  loads. 

An  analytical  method  was  employed  in  this  investigation  because,  for  long  or  for  thick 
composite  cylinders,  this  requires  less  computational  time  than  finite-element  techniques. 
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2.  Problem  Statement 


( 

We  consider  a cylinder  made  of  n layers  of  unidirectional  fiber-reinforced  composites 
(Figure  2.1).  There  are  no  restrictions  on  either  the  number  of  plies,  the  orientation  (ply  angle) 
of  the  fibers  in  each  ply,  or  the  material  of  each  ply.  The  cylinder  may  be  thick,  and  the  lay-up 
may  be  unsymmetric.  Furthermore,  there  is  no  restriction  on  the  length  L of  the  cylinder. 


Figure  2. 1 . Cylinder  dimensions. 

Each  edge  may  be  free,  constrained,  or  built  in  (Figure  2.2).  No  loads  are  applied  on  a 
free  edge.  A constrained  edge  is  in  contact  with  a rigid  plate,  the  surface  of  the  plate  being  par- 
allel to  the  plane  of  the  edge.  Via  this  plate,  an  axial  load  N,  a torque  T,  and  a shear  force  Q 
can  be  transmitted  to  the  edge.  Two  cases  are  of  special  interest:  when  the  friction  between  the 
edge  and  the  plate  is  negligible  and  when  the  edge  is  fixed  ("glued")  to  the  plate  (Figure  2.3). 

In  the  case  of  frictionless  contact,  either  the  compressive  axial  load  N or  the  axial  displacement 
u can  be  prescribed.  For  a fixed  edge,  the  axial  force  or  displacement  (N  or  u)  and  the  torque  T 
(or  the  circumferential  displacement  v)  can  be  prescribed. 

The  edge  may  also  be  attached  to  a structure  (built-in  edge).  This  structure  may  trans- 
mit to  the  cylinder  axial  forces  N,  radial  forces  Q,  a moment  M,  and  a torque  T.  The  support 
structure  may  also  cause  axial,  radial,  and  circumferential  displacements  {u,  w,  v)  and  a rota- 
tion (rj)  of  the  cylinder’s  edge  (Figure  2.4).  In  the  problem  considered  here,  the  applied  loads 
and  displacements  must  be  independent  of  the  circumferential  direction  6. 

To  fully  describe  the  problem,  at  each  edge,  four  of  the  eight  variables  (four  loads  and 
four  displacements)  must  be  given  in  a consistent  manner.  Frequently,  the  applied  axial  force 
N,  moment  M,  shear  Q,  and  torque  T or  the  displacements  u,  v,  w and  the  rotation  rj  are 
readily  known. 
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Figure  2.2.  Conditions  at  the  edges  of  the  cylinder. 


CONSTRAINED  BOUNDARY 


Fixed 


Frictionless 


Figure  2.3.  Constrained  edge  of  the  cylinder. 


Surface  and  hygrothermal  loads  may  also  be  imposed  on  the  cylinder  (Figure  2.5). 

The  forces  per  unit  area  on  the  inner  {r  = r')  and  outer  (r  = r^)  surfaces  are  denoted  by  /?' 
and  p^.  The  temperature  T and  moisture  content  c are  specified  with  respect  to  reference  values 
and  c^, 

AT=  T-T^  Ac  = c-c^,  (2.1) 

where  AT  and  Ac  are  the  known  distribution  of  temperature  and  moisture  content.  In  those 
cases  where  the  temperature  or  moisture  are  specified  at  the  two  edges  of  the  cylinder  (x  = 0) 
and  (jc  = L),  the  axial  distribution  of  temperature  and  moisture  can  be  calculated  as  given  in 
Appendix  A.  Since  the  temperature  and  moisture  distributions  may  vary  in  the  axial  direction 
(x),  the  material  properties  may  also  vary  along  x. 
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The  analysis  presented  here  can  be  used  to  calculate  the  stresses  and  strains  in  a com- 
posite cylinder  subjected  to  the  hygrothermal  and  mechanical  loads  described  above.  The 
analysis  is  intended  to  serve  two  purposes:  (1)  to  yield  results  directly  when  the  edge  loads 
(or  edge  displacements)  are  known,  as  is  the  case,  for  example,  for  cylinders  with  free  or  fixed 
edges  and  (2)  to  provide  the  cylinder  portion  of  the  analysis  needed  to  describe  an  entire 
assembly  consisting  of  a cylinder  and  its  support  structure. 


BUILT  IN  BOUNDARY 


Figure  2.4.  Loads  and  displacements  at  a built-in  edge. 


Figure  2.5.  Temperature,  moisture,  and  surface  loads  on  a cylinder. 
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3.  Governing  Equations 

The  governing  equations  are  derived  by  assuming  that  the  material  properties  are  con- 
stant. The  variations  in  material  properties  with  position  are  taken  into  account  in  a manner 
described  in  §6. 

In  the  present  analysis,  the  stresses  and  strains  depend  only  on  the  axial  and  radial 
coordinates  (x,r).  Correspondingly,  the  equations  of  equilibrium  [3.1]  are 


do'x  dtxr  '!~xr  p 

dx  dr  r 


ships  [3.1]  are 
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where  e and  7 represent  the  strains,  and  u,  w,  v are  the  displacements  in  the  axial,  radial,  and 
circumferential  directions  (x,  r,  6).  Note  that  although  the  displacements  are  independent  of  6, 
the  displacement  v in  the  circumferential  direction  is  not  zero. 

For  a linearly  elastic  material,  the  stress-strain  relationship  in  the  x,  6,  r off-axis 
coordinate  system  [3.2]  is 


■ CTx  ' 

1 

' Cn 

Cn 

Cn 

0 

0 

ClG  ' 

1 

- 

- Qx  AT  — 

01  Ac 

<^9 

C21 

C22 

C2Z 

0 

0 

C26 

^9  - 

- aff  AT  — 

09  Ac 

CTt 

C31 

C22 

C23 

0 

0 

CiG 

Cr  - 

- ar  AT  - 

0r  Ac 

0 

0 

0 

C44 

C45 

0 

19  r 

Txt 

0 

0 

0 

C54 

C55 

0 

Ixr 

.rx9. 

- (^61 

Cg2 

Ce3 

0 

0 

Cg6  . 

.1x9  - 

- AT  — 

0x9  Ac. 

VII-5 


where  C,y  (=  ij  = 1,  ...  6)  are  the  components  of  the  stiffness  matrix,  and  a.  and  /3  are 
the  thermal  and  moisture  expansion  coefficients.  The  superscript  / indicates  that  Equation  3.3 
applies  to  the  layer. 

Temperature  and  moisture  affect  the  strains  similarly  (see  Equation  3.3).  Therefore,  we 
include  only  AT  in  the  subsequent  analysis.  Changes  in  the  moisture  content  Ac  can  be  treated 
in  the  same  way  as  changes  in  AT. 


4.  Boundary  Conditions 

The  temperature,  moisture,  and  surface  forces  depend  only  on  jc.  Hence,  their  known 
distributions  can  be  expressed  as 

AT  = A71[jc)  Ac  = Ac{x)  (4.1) 

y = p\x)  = p%x)  . (4.2) 

At  each  edge,  the  loads  N,  T,  M,  and  Q (see  Figure  2.4)  are  related  to  the  stresses  inside  the 
composite  at  a:  = 0 and  a:  = L by  the  expressions 


p 

No  = 27r  / r cTj;  (0,  r)  cfr 

CM 

II 

rax  {L,r)dr 

r‘ 

r* 

p 

p 

To  = 2;r  Tj-r  {0,r)  dr 

II 

to 

/ Txr  {L,r)dr 

r' 

yj 

r* 

Mo  = ^ Jr  {r  - R)ax{0,r)dr 

II 

p 

r{r  — R)ax  {L,  r)  dr 

r‘ 

r‘ 

Qo  = ^ JrTxr{0,r)dr 

r'’ 

p 

/ rTxr  {L,r)dr 

where  0 and  L refer  to  the  ac  = 0 and  x = L edges.  The  radius  of  the  midsurface  is 

R = ^ (r'  + . (4.4) 

To  satisfy  equilibrium,  the  axial  loads  on  the  two  edges  must  be  equal,  and  the  torques  on  the 
two  edges  must  be  equal; 


^0  = A'l  To  =T^. 


(4.5) 


The  axial  u and  circumferential  v edge  displacements  at  the  midsurface  R are  the 
relative  displacements  between  the  two  edges  (ac  = 0,  jc  = L): 
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(4.6) 

(4.7) 

The  rotations  of  the  cross  section  ij  at  the  (jc  = 0)  and  (jc  = L)  edges  are  defined  as 


u = u(L,R)  - u(0,R) 
V = v(L,/?)  - v{0,R)  . 


^ u{0,r^)  - ujO/)  ^ u(L,r^)  - u{L/)  . (4,3) 

The  radial  edge  displacements  ware  equal  to  the  radial  displacements  of  the  midsurface: 

Wq  = w(0,/?)  w^  = w{L,R)  . (4.9) 

Here,  u,  v,  rjQ,  fi^^,  Wq.  and  w^  are  the  applied  edge  displacements, and  u,  v,  and  w are  the  axial, 
circumferential,  and  radial  displacements  of  the  composite. 


For  convenience,  in  the  subsequent  analysis  we  denote  the  applied  loads  by  Q and  the 
applied  displacements  by  q: 


fi, 

= Mo 

Q\  = 

^0 

^2 

= Qo 

^2  = 

% 

^3 

= M, 

^3  = 

h 

= Ql 

^4  = 

^5 

= ^0 

Qs  = 

u 

= To 

Qb  = 

V 

We  must  specify  six  of  the  above  twelve  parameters,  such  that  either  a force  or  a 
displacement  from  each  row  is  given.  For  example,  if  both  edges  are  free,  the  six  edge  forces 
are  zero,  and  we  have 

ft]  = Mq  = 0 Q2  ~ Qo  ~ (^ 

Q,  = M,  = 0 Q,  = = 0 

1^5  = No  = 0 = To  = 0 . 

The  above  conditions  imply  that  the  integrals  of  the  appropriate  stresses  are  zero  along  a free 
edge. 


If  both  edges  are  fixed,  the  following  six  edge  displacements  are  given: 


Q\ 

= Vo 

= 0 

<?2  = 

Wq 

= 0 

% 

= Vl 

= 0 

Q4  = 

= 0 

^5 

= u 

= 

V 

Instead  of  and  q^,  we  may  specify  05  (=  Nq)  and  (=  Tq). 

If  the  edge  at  jc  = 0 is  fixed,  and  the  edge  at  jc  = L is  free,  we  have  the  following  six 
boundary  conditions: 
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^\  ~ Vo  — ^ <72  “ '^0  ~ ® 

^3  ~ “0  ^4  = = 0 

fi5  = A^O  = 0 = To  = 0 . 

5.  General  Solution  of  the  Governing  Equations 

To  proceed  with  the  solution,  we  express  the  displacements  in  the  form  of  Fourier 
series.  We  will  utilize  the  following  two  series 

1,  Unstarred  series 


Zi'  (i,r) 
(x,  r) 
(x, r) 


E 

«=i 

E 


u[  (r)  cos  i 
v\  (r)  cos  i 


E 


wl  (r) 


sin  i 


2.  Starred  series 


(x, r) 
(x,r) 
{x,r) 


(^)  - ^ X ^ 

1=1 

(^)  - ^ (^)  sin  z J X 

1=1 

w[*  (r)  + ^ zx-*  (r)  cos  i — x 


(5.1) 


(5.2) 


Both  of  the  above  series  are  needed  to  satisfy  all  the  possible  boundary  conditions.  In  the  above 
expressions  iJ-ir),  v((r),  w\{r);  v‘*(r),  w‘*{r)  and  v‘*(r),  w‘*{r,  are,  as  yet,  un- 

known functions. 

Since  the  solution  is  sought  in  terms  of  these  types  of  series,  it  is  required  that  the  ap- 
plied temperature  and  applied  surface  forces  (pressure)  also  be  expressed  in  similar  forms.  The 
appropriate  expressions  for  temperature  and  pressure  are  given  in  Appendix  B.  By  combining 
the  expressions  for  displacements  (Equations  5.1  and  5.2)  and  temperature  (Equations  B.l  and 
B.3)  with  the  definition  of  strain  (Equation  3.2)  and  the  constitutive  relationship  (Equation  3.3), 
we  obtain  the  stresses  as  functions  of  the  displacements.  The  stress  components  corresponding 
to  the  different  terms  in  the  displacement  series  are  listed  in  Table  5.1. 

5.1  Displacements,  0^*  Terms 

The  terms  in  the  displacements  result  in  stresses  that  depend  on  the  radial  coordinate 
r only.  Appropriate  expressions  for  the  terms  were  given  by  Kolldr  and  Springer  [5.1].  For 
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Table  5.1.  TTie  displacement,  temperature,  and  stress  terms. 


The  displacements 

u'(z,r) 

“i'  (r) 

u[  (r)  cos  i f z 

— u[*  (r)  sin  t f z 

i;'(z,r) 

t-i’  (r) 

uj  (r)  cos  i f z 

— uj*  (r)  sin  i f z 

(z,r) 

(r) 

w[  (r)  sin  i f z 

tu,-*  (r)  cos  i f z 

The  corresponding  temperature  terms 

Ar(z) 

A To 

A T,  sin  i f z 

A T*  cos  i f z 

The  corresponding  stress  terms 


(r) 

<7j(z,r) 

('■) 

(Tt(z,r) 

<'r,  (’•) 

•'L 

O 

11 

o 

o 

11 

o 

(r)  sin  z j z 
(tJ,  (r)  sin  ifx 
(^)  sin  i f X 
(r)  cos  if  z 
cos  if  z 
sin  if  z 


ai*  (r)  cos  i f z 
(tJ*  (r)  cos  i f z 
(tJ*  (r)  cos  i f z 
Hr,  (^)  sin  i f z 
r';,  (r)  sin  i f z 
(^)  cos  i f z 
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the  present  problem  of  a closed  cylinder  (in  which  the  temperature  is  independent  of  r and 
onwhich  there  are  no  applied  surface  shear  forces),  Kolldr  and  Springer’s  expressions  reduce  to 


u 


u 

o 

U 


w 


I* 


X 

X r 


+ S2Rfo(r) 


+ SsR^fiir)  + ARfoir) 


(5.3) 


The  parameters  62*  and^  (r)  (/  = 0,1)  are  defined  in  Table  5,2,  The  unknown  constants 

are  v^,  a\,  and  ^2-  "Thus,  for  an  n-p\y  laminate,  there  are  4 x /i  constants.  The  number 
of  these  unknown  constants  can  be  reduced  by  the  use  of  the  continuity  conditions  at  the  inter- 
faces, At  each  interface,  the  displacements  must  be  equal  and  the  radial  normal  stresses  must  be 
equal.  These  conditions  are  expressed  as 


= 

vi  r'+' 

(r'«) 

« 

II 

<^ro 

= -IV 

/ = 1,  2,  .„,n  - 1 


(5.4) 


where  r denotes  the  inner  radius  of  the  (/  + 1)'^  layer.  The  shear  stresses  and  7^*^  are 
zero,  and  they  need  not  be  considered.  By  applying  the  continuity  conditions  at  every  interface 
(total  number  of  interfaces  = « - 1),  all  but  four  of  the  unknowns  can  be  determined. 


Table  5,2.  Definition  of  the  parameters  in  Equation  5.3. 


h = Wo  (^21  - C31) 

<53  = Va  (C26  — 2C36) 

A = Aro[a*(C21  — C31)  -I-  (C22  - Cz2)  + QriCzz  — Czz)  + ax^(C26  - C’36)] 

^ 

if  (■  + 1)^C„  - C„  5^  0 

/ r / \ 1+1 

/•  (’•)  = 2T;Tife(i)  if  (>'  + 1)^ ^33  - C33  = 0 
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5.2  Displacements,  i‘^  Term  of  the  Unstarred  Series 

We  consider  the  following  unstarred  terms  of  the  displacements  (Equation  5.1)  and  the 
temperature  (Equation  B.l), 

u\  (r)  cos  i — X 

ij 

v\  (r)  cos  i — X 

Ij 

to,  (r  j sm  i Y X 


TT 


AT,  sin  i — X 

Ij 


(5.5) 


By  substituting  these  expressions  and  the  expressions  for  the  strains  and  stresses  (Equations  3.2 
and  3.4)  into  Equations  3.1,  we  obtain  the  following  sixth-order  ordinary  differential  equation 
system: 


011  012  013 

■u!(r)  ■ 

‘Bi 

021  022  ©23 

u;(r) 

= AT, 

B2 

©31  ©32  ©33 

B2 

where  Q-j,  B2,  and  B3  are  given  in  Table  5.3.  The  solution  of  this  system  of  equations  is 
presented  in  Appendix  C. 

The  final  solution  for  the  displacements  is 


■ uj(r)  ■ 

6 

r l.hom  / \ 1 

% in 

r l.inh  / \ -i 

u-  (r) 

vl(r) 

l.hom/  \ 
(^) 

4- 

l.inh/  \ 

u,’  (r) 

j=i 

l.hom  / \ 

l.inh/  \ 

L w^'  (r)  J 

the  homogeneous  (superscript  horn)  and  inhomogeneous  (superscript  inh)  displacements  are 
given  by  Equations  C.8  and  C.9.  The  terms  C\  through  are  six  unknown  constants.  Thus, 
for  an  n-ply  laminate,  there  are  6 x /j  unknowns.  The  number  of  these  unknowns  can  be 
reduced  by  applying  the  following  displacement  and  stress  continuity  conditions  at  each 
interface: 


(r'+l) 

= 

1^1+1  (r'+l) 

(r'+l) 

= 

/ = 1 

..,  n - 1 

w[ 

(r'+>) 

= 

u>;+'(r'+‘) 

(r'+>) 

— 

^6ti 

(r'+') 

= 

/ = 1 

...,  n — 1 

(r'+') 

= 
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Table  5.3.  Definition  of  the  symbols  in  Equation  5.6. 


011 

012 


Cn  — C55 
C\6  - C45 


013  = T r (~C'l2  - Css)  - X (^13  + Css)  ^ 

021  = ^77-  C\s  — 2C45  7 ^ — ^45  ^ 

022  = ^77"  Css  + ^44  ^ — C44  7 ^ — C44  ^7 

023  = —X  (^26  + 2C45)  7 — X (^36  + C'45)  ^ 

031  = X (“^12  + C’n)  7 + X (^12  + Css) 

032  = X (~^26  + Css  ~ C\s)  r T (^26  + ^45)  ^ 

033  = ^55  + C22  ;T  ~ ^33  \ - Css 


^1  = - ¥ 91 

^2  = — X 92 

Bs  = - 7 <73 


<?1  = C'llQ't  + C12Q9  + CisOr  + CisQj:8 

92  = C'leQr  + C26Q'tf  + C'ae  Or  + CssCtz$ 

93  = (C'n  —^12)  a*  + (C23  — C22)ci$  + (C33  — C23)ctr  + (^36  “ C26)  OtzS 
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At  the  inner  and  outer  surfaces,  the  shear  stresses  and  are  zero,  yielding  four  more 
conditions: 


II 

o 

roMrn  = 0 

o 

II 

{r^  = 0 

(5.9) 

By  applying  Equations  5.8  at  every  interface  and  the  above  four  shear  stress  conditions,  all  but 
two  of  the  6 X /2  constants  can  be  evaluated. 


5.3  Displacements,  Term  of  the  Starred  Series 


Here  we  consider  the  following  starred  terms  of  the  displacements  (Equation  5.2)  and 
temperature  (Equation  B.3): 


-uj*  (r) 
(r) 
u;-*  (r) 


. tt 

sin  t — X 

Li 
. TT 

Sin  i — X 

Li 
. TT 

COS  I y X 
Li 


T 


AT*  cos  i Y ^ 

Jj 


(5.10) 


We  now  make  use  of  the  following  identities: 


cos 


sin 


. TT 

— Sin  i — X 
Jj 


, TT 

COS  I — X 
Lf 


(5.11) 


If  we  replace  / (-kIL)x  with  / (TrlL)x  + irll  in  the  unstarred  expression  (Equation  5.5),  the 
unstarred  and  starred  series  become  identical.  Thus,  the  solutions  obtained  for  the  unstarred 
series  can  readily  be  applied  to  the  solution  of  the  starred  series  by  the  following  simple 
substitution: 


. TT  . TT  TT 


“unstarred”  “starred” 


(5.12) 


Equations  5.1  and  5.2  together  with  Equations  5.3  and  5.7  provide  the  displacement  field  inside 
the  cylinder.  The  unknown  constants  that  appear  in  these  equations  are  determined  with  the  aid 
of  the  boundary  conditions,  as  described  in  the  next  section. 
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6.  Solutions  for  the  Displacements,  Stresses,  and  Strains 


To  obtain  solutions  for  the  displacements,  stresses,  and  strains  that  arise  under  general 
loading  conditions,  we  first  consider  seven  special  cases.  The  solution  for  the  general  problem 
is  then  obtained  by  combining  the  solutions  of  these  seven  special  cases. 


6.1  Case  0 

Consider  a cylinder  on  which  are  applied  known  surface  loads  p\  and  a known 
temperature  distribution  AT.  The  two  edges  of  the  cylinder  are  assumed  to  be  hinged  (see 
Table  6.1).  Hinged  support  requires  that  the  following  conditions  be  satisfied: 

^2  = % = 0 ^4  = vv^  = 0 

= Mq  = 0 03  = = 0 (6.1) 

= No  = 0 ft,  = To  = 0 . 


The  conditions  given  by  Equation  6.1  are  met  if  the  displacements,  temperature  distribution, 
and  surface  loads  specified  in  Table  6.1  are  used.  In  the  expressions  for  the  displacements, 
there  are  two  as-yet  undetermined  constants.  These  constants  are  determined  from  the  relation- 
ships given  in  Table  6.1. 

6.2  Cases  1 and  2 

Consider  a cylinder  on  which  there  is  no  temperature  distribution  (AT  = 0),  and  on 
which  there  are  no  surface  loads  ip'  - p^  = 0).  In  Case  1,  a unit  axial  load  is  applied 
(Nq  = 1)  and  the  applied  torque  is  zero  (Tq  = 0).  In  Case  2,  a unit  torque  is  applied  (Tq  = 1) 
and  the  axial  load  is  zero  (Nq  = 0).  The  displacements  that  satisfy  these  conditions  are  given  in 
Table  6.2.  These  displacements  contain  four  unknown  constants,  which  can  be  determined  with 
the  conditions  given  in  Table  6.2. 


6.3  Cases  3 through  6 

Consider  a cylinder  on  which  the  applied  temperature  distribution  is  zero  (AT  = 0). 
We  place  different  prescribed  surface  loads  on  the  cylinder.  In  Case  3a,  a uniform  radial  ten- 
sile load  is  applied  on  the  outer  surface  of  the  cylinder  (Table  6.3).  In  Case  3b,  a uniform 
radial  compressive  load  is  applied  on  the  outer  surface  of  the  cylinder.  In  Cases  4a,b  through 
6a,b,  tensile  and  compressive  radial  forces  are  applied  on  the  outer  surface  of  the  cylinder  in 
the  manner  illustrated  in  Tables  6.4  through  6.6.  In  each  case  (Cases  3 through  6),  the  sum 
(Case  "a"  plus  Case  "b")  of  the  surface  forces  is  zero.  The  displacements  corresponding  to 
each  of  these  cases  are  given  in  Tables  6.3  through  6.6.  The  conditions  required  to  determine 
the  unknowns  in  the  displacements  are  also  given  in  these  tables. 

For  each  case  (Cases  3 through  6),  AT  = 0,  p‘  = p^  = 0.  However,  the  solutions 
obtained  for  each  of  these  cases  are  different  because  the  edge  loads  are  different. 
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Table  6.1.  Loads  and  displacements  in  the  Case. 


Case  0 


temperature 


surface  load 
prescribed  edge  loads 


displacements 


i\T  = ^ A r,  sin  I 

t=i 


Z T X 


p‘  = p\  sin  t j X 
»=i 

P°  = H Pt  sin  I X ^ 
1=1 


w 


Ul  = 


Vi  = 


53  (r)  cos  z J X 

1=1 

Y,  vj  (r)  cos  z f X 
»=i 


= E “"i  (""I  sin  1 f X 


number  of  unknowns 


conditions  to  determine 
the  unknowns 


•=i 


2 in  each  term 
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Table  6.2.  Loads  and  displacements  in  the  First  and  Second  Cases. 


Case  1 and  2 

nJ 

temperature 

AT  = 0 

surface  load 

prescribed  edge  loads 

p’  =0 
p»  = 0 

r;=d}^“el 

displacements  u 

V 

w 

= ^0 

Vl  = Up*  A:  = 1 } case  1 

Wj^  = wl*  k — 2}  case2 

number  of  unknowns  in  the  displacement 

4 

conditions  to 

determine  the  constants 

(r')  = 0 

a?;  (r“)  = 0 

r;;°} 
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Table  6.3.  Loads  and  displacements  in  the  Third  Case. 


Case  3 


Case  3 


© 


Case  3a 


© 


Case  3b 


temperature 


AT  = 0 


AT  = 0 


AT  = 0 


surface  load 


= 0 


= 0 


p*  = 0 


P°  = 1 = E sin  z f X 
1=1 


prescribed  edge  loads 


p‘  = 0 
= -1 
No  = 0 

r.  = 0 


displacements  u 


w 


Ui 


Vi 


wi 


T,  “!('■)  costfx 

» = 1 

E cos  z fx 
1=1 

E ^!(^)  sin  if  X 
1=1 


number  of  unknowns 


2 for  each  Fourier  term 


conditions  to 
determine  the 
unknowns 


W.  (r')  = 0 


< ('•■’)  = P? 


<t};  (r-)  = 0 


('•“)  = - 1 


N„  = 0 


r.  = 0 


Remark 


Pt 


= / 77  if*  = 3,  5 

lO  ifi  = 2,  4,  6 
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Table  6.4.  Loads  and  displacements  in  the  Fourth  Case. 


Case  4 


Case  4 


© 


Case  4a 


© 


Case  4b 


temperature 


AT  = 0 


AT  = 0 


AT  = 0 


surface  load 


p*  = 0 
= 0 


p*  = 0 


p°  = cos  j X = ^ p°  sin  i j X 
1=1 


prescribed  edge  loads 


p‘  = 0 


p°  = — cos  J X 


displacements 


u 


w 


Vl 


E “!  ('■)  cos  i f I 
1=1 

uj  (r)  cos  i f I 
•=i 

u'l  (^)  sin  i f X 

1=1 


— u[*  (r)  sin  j x 

— v[*  (r)  sin  ^ x 
w[*  (r)  cos  j X 


number  of  unknowns 


2 for  each  Fourier  term 


conditions  to  determine 
the  unknowns 


oj.  (r')  = 0 
<(n  = P° 


oJr  (r-)  = 0 


<T,7(r»)  = -1 


Remark 


Pi 


if*  = 2,4,6. 
0 if  i = 1,  3,  5. 
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Table  6.5.  Loads  and  displacements  in  the  Fifth  Case. 


D , 0 f , ; ifl,  3,  5,... 

Remark  p-  = < (•"'-'‘l*- 

1 0 if2,  4,  6,... 
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Table  6.6.  Loads  and  displacements  in  the  Sixth  Case. 


VII-20 


6.4  General  Solutions 


By  using  the  seven  special  cases  (Cases  0 through  6)  above,  the  solution  for  the  general 
loading  condition  is  established  as  follows:  The  six  edge  displacements  and  the  six  edge  forces 
have  been  denoted  previously  by  through  and  by  Oj  through  (see  Equation  4.10).  The 
edge  displacements  resulting  from  Cases  0 through  6 are  denoted  by  qy,  q2j,  . . . q(y,  and  the 
edge  forces  by  Ojy,  02y,  . . . where  j takes  on  the  values  from  0 through  6.  By  using  the 
displacements  summarized  in  Tables  6.1  through  6.6,  qy-qf^j  and  can  be  determined  by 

using  Equations  4.3  through  4.10. 

Expressions  for  the  "general"  edge  displacements  and  "general"  edge  forces  are  formed 
in  the  following  manner: 

6 

qi  — Qto  “I"  ^ ^ qij 
j=i 

^ (6.2 
Qi  = Qio  + ^ ^ Qij  Xj 
j=i 


The  terms  X (/  = 1,2,  . . .6)  are  six  unknown  constant  multipliers  that  are  determined 
by  substituting  the  above  expressions  for  q-  and  U-  into  the  appropriate  boundary  conditions 
given  by  Equations  4.11,  4.12,  or  4.13. 

The  "general"  displacements  are  then  obtained  by  summing  the  displacements  for 
Case  0 through  Case  6,  with  each  term  being  multiplied  by  the  appropriate  multiplier: 

u'  = C/i  + E O'l  X, 

J = 1 

= Vi  + v;  X,  (6.: 

j=i 

= vri  + ^ W'  X, 

where  ui,  vj,  w'  through  ui,  iv'  are  the  displacements  corresponding  to  the  seven  cases 
(Cases  0 through  6)  given  in  Tables  6.1  through  6.6. 

From  the  known  values  of  the  displacements,  the  stresses  and  strains  can  be  calculated 
from  Equations  3.2  and  3.3. 


6.5  Method  of  Solution 

The  equations  presented  in  this  paper  form  a complete  set  for  calculating  the  displace- 
ments, stresses,  and  strains  under  specified  hygrothermal  and  mechanical  loading  conditions. 
Solutions  of  these  equations  require  extensive  analytical  and  numerical  calculations. 


VII-21 


The  analytical  calculations  were  performed  with  a symbolic  manipulator  "Mathematica" 
[6.1],  These  calculations  resulted  in  a set  of  algebraic  equations  that  are  used  to  determine  the 
unknown  constants  in  the  displacements.  A computer  code,  using  MATLAB  [6.2],  was  then 
written  for  obtaining  solutions  of  these  equations  and  for  determining  the  constants.  The  code  is 
designated  CYLINDER  2.  The  input  parameters  required  and  the  output  parameters  provided 
by  the  code  are  given  in  Tables  6.7  and  6.8. 


Table  6.7.  Input  parameters  required  for  the  CYLINDER  2 computer  code. 


Geometry 

• inner  radius,  r' 

• thickness  of  one  ply, 

• number  of  ply  groups,  n 

-number  of  plies  in  each  ply  group, 

-direction  (angle)  of  fibers  in  each  ply  group,  </>• 

Material  (On-Axis)  Properties 
Stiffness  parameters 

• longitudinal  Yeung’s  modulus, 

• transverse  in-plane  Young’s  modulus,  Ey 

• transverse  out-of-plane  Young’s  modulus,  E^ 

• shear  moduli,  G^,  G^ 

• Poisson’s  ratios,  v^, 

Thermal  and  moisture  expansion  coefficients 

• longitudinal  expansion  coefficients, 

• transverse  in-plane  expansion  coefficients,  a^, 

• transverse  out-of-plane  expansion  coeffeients, 

Strength  parameters 

• longitudinal  tensile  strength,  X 

• longitudinal  compressive  strength,  X' 

• transverse  tensile  strength,  Y 

• transverse  compressive  strength,  Y 

• longitudinal  shear  strength,  S 
Surface  Load 

• radial  load  on  the  inner  surface,  /?' 

• radial  load  on  the  outer  surface,  ff 
Temperature  and  Moisture  Load 

AT,  Ac 

Prescribed  Edge  Loads  or  Edge  Displacements 

• moment  or  rotation  at  the  lower  edge,  Mq  or 

• shear  force  or  radial  displacement  at  the  lower  edge,  Qq  or  vvq 

• moment  or  rotation  at  upper  edge,  or 

• shear  force  or  radial  displacement  at  the  upper  edge,  or 

• normal  force  or  relative  axial  displacement  of  the  edges,  Nq  or  u 

• torque  or  relative  circumferential  displacements  of  the  edges,  Tq  or  v 
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Table  6.8.  Output  parameters  required  for  the  CYLINDER  2 computer  code. 


• displacements  of  the  midsurface 

• stresses  in  each  ply,  a^,  a^,  a^, 

• strains  in  each  ply,  e^,  e^,  e^,  7^^,  7^^,  7^ 

• strengths  ratio  in  each  ply,  R 

• edge  displacements  and  forces 

• temperature  and  moisture  distribution 


As  was  noted  previously,  the  equations  were  derived  for  constant  material  properties. 
Solutions  for  problems  in  which  the  material  properties  vary  in  the  axial  direction  were 
incorporated  into  the  code  by  dividing  the  cylinder  into  sections  along  its  length.  In  each 
section,  the  displacements  and  the  forces  were  "matched"  at  the  interfaces  of  the  adjacent 
sections. 

In  principle,  the  calculation  procedure  outlined  in  this  paper  is  simple.  In  practice,  there 
are  two  problems: 

1.  For  long  cylinders,  an  excessive  number  of  Fourier  terms  may  be  required  to  achieve  the 
required  accuracy. 

2.  In  some  loading  cases,  there  is  an  "overshoot"  in  the  Fourier  series  near  the  edges  of  the 
cylinders.  (This  is  the  so-called  Gibbs  effect.) 

To  reduce  the  need  for  a large  number  of  Fourier  terms,  the  following  computational 
procedure  was  built  into  the  algorithm:  If  the  cylinder  is  long,  it  is  analyzed  in  three  separate 
parts  (Figure  6.1).  First,  the  displacements  in  the  entire  cylinder  are  calculated,  those  resulting 
from  the  surface  loads,  the  temperature  load,  and  the  edge  loads  Nq  and  Tq.  Then  the  displace- 
ments near  the  edges  are  calculated,  those  due  to  imposed  loads  Q3  and  fi4  on  the  upper  edge 
and  0]  and  Q2  on  the  lower  edge.  The  displacements  obtained  for  these  three  parts  are  then 
added  together  to  give  the  final  displacement  of  the  cylinder. 

The  Gibbs  effect  was  minimized  by  extending  the  Fourier  series  over  a length  L', 
which  is  longer  than  the  length  L of  the  actual  cylinder  (Figure  6.2).  The  actual  edge  loads  are 
applied  at  jc  = 0 and  x = L,  and  the  solutions  for  x < 0 and  x > L are  ignored. 

Note  that  both  of  the  above  numerical  steps  are  built  into  the  code  and  are  "opaque"  to 
the  user. 
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Displacements  Displacements  due  to  Final  displacements 

due  to  the  surface  boundary  loads: 

loads,  AT,  N^and  and  £2  ^ 


Q and  £2  ^ 
1 2 


Figure  6. 1 . Analysis  of  long  cylinders. 


Gibbs  effect 
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7.  Sample  Problems 


Solutions  to  sample  problems  were  obtained,  first  to  assess  the  accuracy  of  the 
CYLINDER  2 code  and  second  to  illustrate  the  type  of  information  that  can  be  generated  by 
this  code.  Two  types  of  problems  were  investigated:  (1)  a composite  cylinder  subjected  to 
displacement  and  (2)  a composite  cylinder  subjected  to  temperature  load. 

A composite  cylinder  (inner  radius  r'  = 5.1  mm,  length  L = 230  mm,  and  wall  thick- 
ness /i  = 5.1  mm)  is  fixed  between  two  rigid  surfaces  (Figure  7.1).  The  laminate  lay-up  is 
[8O20/4520].  The  cylinder  is  made  of  an  E-glass-epoxy  composite.  The  material  properties 
utilized  in  this  study,  from  Tsai  [7.1],  are  summarized  in  Table  7.1. 


Figure  7.1. 


Description  of  the  composite  cylinder  used  in  the  sample  problem. 


Table  7.1.  Material  properties  of  E-glass-epoxy  composite. 


Stiffness  Parameters 


• longitudinal  Young’s  modulus 

= 39  GPa 

• transverse  in-plane  Young’s  modulus 

= 8.3  GPa 

• transverse  out-of-plane  Young’s  modulus 

E^  = 8.3  GPa 

• shear  moduli 

^yz  = 4 

• Poisson’s  ratios 

V = 0.4 

^xz  = ^xy  = 0.26 

Thermal  Expansion  Coefficients 

• longitudinal 

= 8.6  X 10-^/°C 

• transverse 

Oy  = = 22.1  X 10-^/X 
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7.1  Composite  Cylinder  Subjected  to  Axial  Displacement 

A compressive  displacement,  u = -0.64  /im  was  applied  on  the  top  surface.  The  stresses  and 
displacements  were  calculated  by  the  CYLINDER  2 code.  TTie  calculated  stress  components  through 
the  thickness  at  x = 25  mm  are  plotted  in  Figure  7.2.  The  stresses  were  also  calculated  by  the  finite- 
element  method  (and  the  corresponding  AXIMPACT  code)  of  Karaoglan  and  Springer  [7.1].  These 
stresses  are  also  included  in  Figure  7.2.  Two  points  are  noted:  First,  there  is  good  agreement  between 
the  results  of  the  AXIMPACT  and  the  CYLINDER  2 codes.  Second,  there  are  a^,  tq^,  and 
stresses  present  in  the  cylinder.  To  calculate  these  stresses,  a three-dimensional  analysis  is  needed. 
Two-dimensional  analyses  would  not  provide  these  stresses. 

The  displacements  in  the  midsurface  were  also  calculated  by  the  AXIMPACT  and  by  the 
CYLINDER  2 codes.  Again,  the  results  are  in  good  agreement,  as  illustrated  in  Figure  7.3. 


7.2  Composite  Cylinder  Subjected  to  Temperature  Load 

We  consider  the  cylinder  prescribed  in  the  previous  section.  The  two  edges  are  fixed,  and 
the  displacements  at  the  edges  are  zero.  The  cylinder  is  subjected  to  a temperature  load  that  varies 
linearly  along  the  axis  from  310  to  366  K (Figure  7.4). 

The  stresses  and  displacements  were  calculated  by  the  CYLINDER  2 CODE.  The  calculated 
stresses  through  the  thickness  at  x:  = 25  mm  are  plotted  in  Figure  7.5;  the  displacements  at  the  mid- 
surface are  given  in  Figure  7.6. 
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E-glass-Epoxy 

[8O20/4520] 


-14 


Radial  Position,  r (mm) 


Figure  7.2.  Stress  distributions  through  the  thickness  at  x = 25  mm  for  the  cylinder  shown  in  Figure  7.1. 

Edge  displacement  u = -0.64  /xm.  Results  computed  by  the  CYLINDER  2 (solid  lines)  and 
AXIMPACT  (circles)  codes. 
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Figure  7.3.  Axial,  radial,  and  circumferencial  displacements  at  the  midsurface  for  the  cylinder  shown 
in  Figure  7.1.  Edge  displacement  u = -0.64  /xm.  Results  computed  by  the  CYLINDER  2 
(solid  lines)  and  AXIMPACT  (circles)  codes. 
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Figure  7.4.  Temperature  distribution  along  the  cylinder  in  the  sample  problem. 


Radial  Position,  r (mm) 

Figure  7.5.  Stress  distributions  through  the  thickness  at  j:  = 25  mm  for  the  cylinder  subjected  to 
the  temperature  load  shown  in  Figure  7.4. 
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Figure  7.6.  Axial,  radial,  and  circumferential  displacements  at  the  midsurface  for  the  cylinder 
subjected  to  the  temperature  load  shown  in  Figure  7.4. 
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8.  Failure  of  Axially  Loaded  Composite  Cylinders 

The  model  described  previously  was  evaluated  by  generating  results  and  comparing 
these  with  data  obtained  at  NIST. 

The  cylinder  specifications  are  given  in  Table  8.1. 

The  stresses  and  strains  in  each  cylinder  were  calculated  by  the  model  and  the  failure 
(first  ply  failure)  by  the  three-dimensional  quadratic  Tsai-Wu  failure  criterion  (Table  8.2).  Both 
the  stress  analysis  and  the  failure  criterion  are  incorporated  in  the  CYLINDER  2 code,  and  this 
code  was  used  to  generate  numerical  results.  The  material  properties  used  in  the  calculations 
are  listed  in  Table  8.3. 


Table  8.1.  Test  cylinders. 


Cyl. 

No. 

Inner 

Diameter 

(mm) 

Thickness, 

h 

(mm) 

Length, 

L 

(mm) 

Lay-up 

E-G  lass-Reinforced 
Resin 

1 

100 

10.2 

230 

[90/ + 10^/90/+  1 0^/90/ ± 10^/90] 

DGEBA/DCH/ARA/ACL 

2 

100 

10.2 

480 

[90/  ± 1 0^/90/  ± 1 0^/90/  ± 1 0^/90] 

DGEBA/DCH/ARA/ACL 

3 

100 

10.2 

710 

[90/ ± 10^/90/+  10^/90/ ± 105/90] 

DGEBA/DCH/ARA/ACL 

4 

100 

5.1 

710 

[902/±  10^902/1109/902] 

DGEBA/DCH/ARA/ACL 

5 

100 

5.1 

710 

[902/110,8/902] 

DGEBA/DCH/ARA/ACL 

6 

180 

8.9 

610 

[9O2/1 10,7/902/1 10,7/902] 

DGEBA/DCH/ARA/ACL 

7 

180 

8.9 

1200 

[902/110,7/902/110,7/902] 

DGEBA/DCH/ARA/ACL 

8 

250 

13 

910 

[9O2/I IO24/9O2/I IO24/9O2] 

DGEBA/DCH/ARA/ACL 

9 

100 

10.2 

230 

[110], 2 

DGEBA/DCH/ARA/ACL 

10 

100 

10.2 

480 

1 1 10]i2 

DGEBA/DCH/ARA/ACL 

11 

100 

10.2 

710 

[ 1 10]i2 

DGEBA/DCH/ARA/ACL 

12 

100 

5.1 

710 

[±10]6 

DGEBA/DCH/ARA/ACL 

13 

100 

10.2 

230 

[90/145/1 IO3/145/9O2/145/IO3/145/9O] 

DGEBA/DCH/ARA/ACL 

14 

100 

10.2 

480 

[9O/145/IIO3/145/9O2/145/IO3/145/9O] 

DGEBA/DCH/ARA/ACL 

15 

100 

10.2 

710 

[90/145/1 IO3/145/9O2/145/IO3/145/9O] 

DGEBA/DCH/ARA/ACL 

16 

100 

5.1 

710 

[90/145/1 IO3/145/9O] 

DGEBA/DCH/ARA/ACL 

17 

100 

10.2 

710 

[90,2/1945/90,2/1945/90,, /194290,,/i94,/90,,] 

VE-EL/MEKP 

18 

100 

5.1 

710 

[90,,/1942/90,,/1942/90,,] 

VE-EL/MEKP 

19 

100 

10.2 

710 

[165,3/075/123,3/0,00/123,3/050/ 165,3] 

VE-EL/MEKP 

20 

100 

10.2 

710 

[90,2/1945/90,2/1945/90,, /1942/90,,/194,/90,,] 

DGEBF/CTBN/AN 

21 

100 

5.1 

710 

[90,, /1 942/90,, /1 942/90,,] 

DGEBF/CTBN/AN 
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Table  8.2.  Three-dimensional  Tsai-Wu  quadratic  failure  criterion. 


+ O^yFyy  + ^zz  + ^^sxy  + 4 + 4 

+ ^^x^yFxy  + ^<fy<fz^yz  + ^^x<^z^xz 
+ + OyFy  + o^F^  <1 

where 


F^  = I /XX' 

F„=  F^=  urr 

F^  “ = F^  = VS^ 

F^  = l/X-  MX' 

Fy  = F^=  MY-  Mr 
F = -0.5  ^F  F 

xy  XX  yy 

F =-0  5 n/f  F 
yz  yy  zz 

f = -0  5 ^F  F 
‘ xz  XX  zz 


Note:  X,  X' , Y,  F,  and  S are  given  in  Table  8.3. 


Table  8.3  Properties  of  E-glass-reinforced  resins  used  in  the  calculations. 


Property 

DGEBA/DCH 

VE-El/ 

DGEBF/ 

ARA/ACL 

MEKP 

CTBN/AN 

Stiffness  Parameters 

• longitudinal  Young’s  modulus,  (GPa) 

38.6 

46 

46 

• transverse  in-plane  Young’s  modulus,  Ey  (GPa) 

8.3 

6.9 

6.9 

• transverse  out-of-plane  Young’s  modulus,  E^  (GPa) 

8.3 

6.9 

6.9 

• shear  moduli,  Gy^  (GPa) 

^xz  = ^xy 

3 

2.5 

2.5 

4 

2.5 

2.5 

• Poisson’s  ratios,  Vy^ 

0.4 

0.4 

0.4 

0.3  0.3  0.3 

Thermal  Expansion  Coefficients  (10~^/K) 


• longitudinal  coefficient, 

8.61 

8.61 

8.61 

• transverse  coefficients,  a = 

y ^ 

22.1 

22.1 

22.1 

Strength  Parameters  (MPa) 

• longitudinal  tensile  strength,  X 

1060 

1160 

1160 

• longitudinal  compressive  strength,  X' 

883 

670 

660 

• transverse  tensile  strength,  Y 

17 

83 

76 

• transverse  compressive  strength,  Y 

190 

140 

130 

• longitudinal  shear  strength,  S 

76 

83 

76 
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Displacement  (in) 

0.1  0.2  0.3  0.4  0.5 


Displacement  (mm) 


Figure  8.1.  The  load  versus  displacement  for  an  E-glass  epoxy  cylinder  (see  Table  8.1). 


The  load  versus  displacement  was  measured  for  every  cylinder.  Here,  we  include 
one  typical  result  (Figure  8.1).  In  this  figure,  both  the  data  and  the  values  calculated  by  the 
CYLINDER  2 code  are  shown.  There  is  excellent  agreement  between  the  calculated  and 
measured  displacements. 

The  failure  strengths  of  the  cylinders  are  shown  in  Figures  8.2  and  8.3.  The  failure 
strength  is  defined  as 

aj  = FIA  , 

where  F is  the  failure  load  and  A is  the  load-bearing  area  of  the  cylinder.  In  these  figures,  the 
spread  in  the  data  is  also  indicated. 

Some  of  the  cylinders  were  identical  in  all  respect  except  their  length  (cylinders  1-3, 
6-7,  9-11,  13-15).  Both  the  data  and  the  analytical  results  show  that,  for  the  lengths  investi- 
gated, the  length  did  not  significantly  affect  the  failure  load. 

The  first  ply  failure  loads  calculated  by  the  CYLINDER  2 code  are  shown  in  Figures 
8.2  and  8.3.  The  calculation  was  performed  for  two  situations:  First,  it  was  assumed  in  the 
calculations  that  there  were  no  manufacturing-induced  thermal  stresses  in  the  cylinder,  stresses 
caused  by  temperature  changes  during  curing  (AT^  = 0).  Second,  the  calculations  were  per- 
formed by  assuming  that  thermal  stresses  were  present  in  the  cylinder,  introduced  by  a 100  K 
temperature  change  during  curing  (AT^  = -100  K).  The  first  set  of  results  (AT^  = 0)  is  pre- 
sented at  the  top  of  Figures  8.2  and  8.3;  the  second  set  (AT^  = -100  K),  at  the  bottom  of 
Figures  8.2  and  8.3.  The  agreements  between  the  measured  and  calculated  failure  loads  are 
quite  good,  especially  in  view  of  the  wide  spread  in  the  data  and  the  uncertainties  in  the 
material  properties  needed  to  perform  the  calculations. 
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Figure  8.2.  Failure  strengths  of  E-glass-reinforced  DGEBA/DCH/ARA/ACL  cylinders 
(see  Table  8.1).  Open  columns:  data;  shaded  columns:  results  calculated  by 
the  CYLINDER  2 code  for  = 0 (top)  and  for  AT;  = -100  K (bottom). 
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Failure  Strength,  (Icsi)  Failure  Su^ength,  o,  (ksi) 
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Figure  8.3.  Failure  strengths  of  E-glass-reinforced  VE-EL/MEKP  and  DGEBF/CTBN/AN  cylin- 
ders (see  Table  8.1).  Open  columns:  data;  shaded  columns:  results  calculated  by  the 
CYLINDER  2 code  for  AT^  = 0 (top)  and  for  AT^  = -100  K (bottom). 
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Two  observations  can  be  made  regarding  Figures  8.2  and  8.3:  First,  it  is  seen  that  the 
calculated  first  ply  failure  load  approximates  reasonably  well  the  ultimate  failure  load.  This 
suggests  that,  in  the  cylinders  included  in  this  study,  ultimate  failure  occurred  shortly  after  first 
ply  failure  took  place.  Second,  manufacture-induced  thermal  stresses  may  change  the  failure 
load  significantly.  This  is  further  illustrated  by  Figures  8.4  and  8.5,  where  the  first  ply  loads 
calculated  by  the  CYLINDER  2 code  are  compared  for  = 0 and  = 100  K.  The  results 
in  Figures  8.4  and  8.5  show  tht  the  effect  of  the  thermal  stress  depends  upon  the  material,  the 
cylinder  geometry,  and  the  lay-up. 

The  aforementioned  results  suggest  that  the  model  and  the  CYLINDER  2 computer 
code  can  be  used  to  describe  the  behavior  of  composite  cylinders  subjected  to  axial  loading,  and 
they  can  provide  estimates  of  the  deflection  of  a cylinder  and  the  load  at  which  failure  occurs. 
Thus,  the  code  should  serve  as  a useful  tool  in  the  design  of  composite  cylinders. 


Cylinder  Number 


Figure  8.4.  Failure  strengths  of  E-glass-reinforced  DGEBA/DCH/ARA/ACL  cylinders 
(see  Table  8.1)  calculated  by  the  CYLINDER  2 code  for  no  thermal  stresses 
(A7^  = 0)  and  for  thermal  stresses  induced  by  a 100  K temperature  difference 

(at;  = -100  K). 
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Figure  8.5.  Failure  strengths  of  E-glass-reinforced  VE-EL/MEKP  and  DGEBA/CTBN/AN 
cylinders  (see  Table  8.1)  calculated  by  the  CYLINDER  2 code  for  no  thermal 
stresses  (AT^  = 0)  and  for  thermal  stresses  induced  by  a 100  K temperature 
difference  (AT^  = -100  K). 
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10.  Appendixes 


Appendix  A.  Axial  Temperature  Distribution  in  the  Cylinder 


For  simplicity,  we  include  only  the  temperature  in  the  analysis  with  the  understanding 
that  the  moisture  content  can  be  included  in  an  identical  manner  as  the  temperature. 

We  consider  a cylinder  of  length  L,  where  the  temperatures  specified  at  the  two  edges 
(jc  = 0 and  = L)  are  denoted  at  Tq  and  Heat  transfer  is  only  by  conduction  along  the 
length  of  the  cylinder.  The  objective  is  to  find  the  function  of  the  steady-state  temperature 
distribution  7(jc)  along  the  axis  of  the  cylinder. 

The  equation  of  heat  conduction  in  this  case  [A.l]  is 


dx 


0 


(A.l) 


where  K is  the  thermal  conductivity,  which  is  a function  of  the  temperature. 

Equation  A.l  can  be  reduced  to  a simpler  form  by  introducing  a new  variable: 


C = J ^ 

To 

The  first  derivative  of  ^ with  respect  to  x is 


(A.2) 


K 

dx  dx 


(A.3) 


Introducing  Equation  A.3  into  A.l,  the  equation  of  heat  conduction  becomes 


d x^ 


= 0 


(A.4) 


Equation  A.4  is  a linear,  second-order  differential  equation,  the  general  solution  of  which  is 

= di  X do  , (A. 5) 

The  unknown  constants,  and  dQ,  can  be  determined  from  the  following  boundary  conditions: 
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at  X = 0 C 


0 


at  X = L 


c 


/ 

To 

Tl 

I 


K dT 


K dT 


(A.6) 


where  the  second  integral  is  evaluated  numerically. 

The  relationship  between  the  temperature  and  the  axial  position  is  (see  Equations  A. 5, 
A.6,  and  A. 2) 


X 


J KdT 

To 

Tl 

f KdT 

To 


(A.7) 


The  thermal  conductivity  of  a unidirectional  ply  on  the  basis  of  the  thermal  conductivi- 
ties of  the  matrix  and  the  fiber  ^y-are  given  by  Springer  and  Tsai  [A. 2], 


A^ii 


A'  rr» 


+ 


1 + v‘j/tV 


B = 


(A.8) 


where  and  kf^2  thermal  conductivities  of  the  ply  in  the  fiber  direction  and  perpen- 
dicular to  the  fiber;  //f  and  thermal  conductivities  of  the  fiber  and  matrix,  respec- 

tively; Vf  is  the  fiber  volume  fraction;  and  / refers  to  the  l'^  ply  in  the  cylinder.  Thermal 
conductivity  of  an  /j-ply  cylinder  in  the  axial  direction  is 
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K 


(A.9) 


^ A^q  cos^  + ^22  sin^  v?')  ’ 
i=i 


where  /Iq  is  the  cross-sectional  area  of  the  layer  and  (p‘  is  the  angle  between  the  fibers  of  the 
ply  and  the  axis  of  the  cylinder. 


References 

[A.l]  Carslaw,  H.S.;  Jaeger,  J.C.  Conduction  of  heat  in  solids.  Oxford,  United  Kingdom: 
Clarendon  Press;  1959. 

[A. 2]  Springer,  G.S.;  Tsai,  S.W.  Thermal  conductivities  of  unidirectional  materials, 

J.  Compos.  Mater.  1:  166-173;  1967. 


Vll-41 


Appendix  B.  The  Series  of  the  Temperature  and  Surface  Loads 


The  given  temperature  A71[jc)  can  be  expressed  in  the  form  of  the  following  two 

series:* 

1.  Unstarred  (sine)  series 


AT"  = [at,  sin  i — X 

.=1  ^ 

where  the  coefficients  of  the  Fourier  series  are 


(B.l) 


AT. 


2 

L 


J 


A T sin 


i Y ^ dx 
L/ 


(B.2) 


2.  Starred  (cosine)  series 


where 


AT 


^ [at;*  cos  I ^ X 


at;* 


L 

•J  j AT  dx  if  t = 0 

O 

L 

f J AT  cos  i J X dx  ift  = l,2,..., 
0 


(B.3) 


(B.4) 


The  surface  loads  on  the  inner  \p'{x)]  and  outer  \p^{x)]  surfaces  can  also  be  represented 
by  either  a sine  or  a cosine  series,*  as  follows: 

1.  Unstarred  (sine)  series 


p’’”  = E p)' 


O . . TT 

sm  z — X 


1=1 


where  = -r 

Lj 


L 

I p'’°  sin,  I 


X dx 


*^A11  equations  are  from  Korn  and  Korn  [B.l]. 


(B.5) 
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2,  Starred  (cosine)  series 


P 


. TT 

COS  I — X 


(B.7) 


where 


L 


i f P*’"'  dx 
0 


if  t = 0 


(B.8) 


cos  i j X dx  ifz  = l,2...., 


0 


These  equations  (B.5-B.8)  apply  at  both  the  inner  (superscript  /)  and  outer  (superscript  o) 
surfaces. 
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Appendix  C.  Solution  of  the  Differential  Equation  5.6 


In  this  appendix  we  describe  the  solution  of  Equation  5.6.  First  we  rearrange  Equa- 
tion 5.6  into  the  following  form: 


i ~ 


Z TT  / 1 


L 


= AT, 


d 


L 


ZTT  1 

— - bfl 

L r 


dr 


1 d 


d^ 


~r  0,4  -f  — - O5  -t-  — 0£>  H — 7 0(7  + - ^ -I-  Of 


r dr 


dr^ 


a(r) 


(C.l) 


where  0^  through  O^r  are  matrices  and  and  b^  are  vectors  given  in  Table  C.l,  and  a(r)  is  the 
vector  of  the  unknown  functions, 


a(r) 


■ u[  (r)  ■ 
(r) 


(C.2) 


Equation  C.l  is  a sixth-order  differential  equation  system  having  a singularity  at  r = 0. 


We  have  obtained  solutions  to  the  above  set  of  differential  equations  by  three  different 
methods: 

1.  by  the  Frobenius  method,  which  is  applicable  when  riir/L  is  small; 

2.  by  an  asymptotic  solution  method,  which  is  applicable  when  riirlL  is  large; 

3.  by  an  approximate  method,  which  is  applicable  for  all  values  of  riirlL. 


In  addition  to  being  applicable  to  a wide  range  of  ri  rlL  values,  the  last  method  also 
proved  to  require  less  computer  time  than  the  other  two.  Therefore,  this  method  was  built  into 
the  CYLINDER  2 code.  The  basic  steps  of  this  method  are  as  follows:  We  replace  the  func- 
tions 1/r  and  \lr^  in  Equation  C.l  by  1/r^  and  1/r^",  where  is  the  radius  of  the  midsurface  of 
the  ply: 


rjt  = -f-  /2 


(C.3) 


We  obtain  from  Equation  C.l 


-T-  I 0,4  -f  ~ — O5  H — ^ 0(7  ) + "^  { 0/)  -f  — 0£'  ) -|-  0/r 


L 


Lrk 


dr\L 


dr^ 


a(r) 


= AT. 


IT  1 

-0,4-1 bfl 

L rk 


(C.4) 
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Table  C.l.  Definitions  of  symbols  in  Equation  C.l. 


Cu 

Cie 

0 

0 

0 

— {C12  + C55) 

Oa  = 

Cee 

0 

Ob  = 

0 

0 

~(C'26  + 2 C45) 

0 

0 

C'ss  _ 

_ — Ci2  + C\z 

— C26  + C'ae  — C45 

0 

'0 

0 

0 

0 0 

— (C'l3  + Css) 

Oc  = 

0 

C44 

0 

Od  = 

— (^36  + Qs) 

0 

0 

C22 

_Ci3  + Css  C36  + C45 

0 

— C'ss 

0 

0 

—C55 

-Ci5 

0 

Of;  = 

—2  C45 

— C44 

0 

Of  = 

— C45 

-C44 

0 

0 

0 

— Cz3 

0 

0 

— ^*33  _ 

= 

1 

1 1 

to 

1 

= 

0 

0 

0 

-qz 

Note:  q^,  q2,  and  q^  are  given  in  Table  5.3. 


General  Solution  of  the  Homogeneous  Equation 

When  the  temperature  difference  is  zero  (AT}  = 0),  Equation  C.4  reduces  to  a 
homogeneous  equation.  For  this  homogeneous  equation  we  seek  a solution  in  the  form 

a(r)  = ’ (C.5) 

where  X and  the  three  elements  of  vector  d are,  as  yet,  unknown  constants.  By  substituting 
Equation  C.5  and  AT-  = 0 into  Equation  C.4,  after  algebraic  manipulation,  we  obtain 


+ AH2  + 


0 


(C.6) 
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where 


Hi 

/ 

TT  \ 2 

= 

‘l) 

Oa 

+ 

H2 

TT 

= rjtz 

jOd 

+ 

Of; 

H3 

= Of 

(^it  i 2‘) 


(C.7) 


Equation  C.6  is  a generalized  eigenvalue  problem  that  can  be  reduced  to  a linear  eigenvalue 
problem  (see  ref.  C.l)  and  can  be  solved  by  any  standard  method  (e.g.,  by  MATLAB).  The 
eigenvalue  problem  (Equation  C.6)  has  six  eigenvalues,  denoted  by  X,  through  X^.  The  cor- 
responding eigenvectors  are  denoted  by  d,  through  d^.  The  six  solutions  of  the  homogeneous 
equations  are 


/»om 


(r) 


“ IthoTTl  / \ * 

“ii  ('■) 

% (^) 

l.hom  / \ 


(C.8) 


Note  that  if  C22  — ^3*  then  two  of  the  \ - s (and  the  corresponding  d - ^)  are  identical,  and 
two  of  the  above  solutions  are  not  independent. 

The  missing  independent  solution  can  be  found  by  the  method  given  by  Korn  and  Korn 
[C.2].  Here  we  chose  a different  method;  namely,  we  changed  slightly  the  value  of  the  stiffness 
C22-  "This  procedure  does  not  significantly  affect  the  results,  but  it  increases  the  computational 
efficiency. 


A Particular  Solution  of  the  Inhomogeneous  Equation 


A particular  solution  of  the  inhomogeneous  equation  (Equation  C.4)  is 


^xnh 


r l,inh  -1 

I, ink 
. 

l,inh 

L w.  J 


AT.rt  Hf' 


Tt  ZTT 

- L 


hA 


+ t>5  » 


where  Hj  is  defined  by  Equation  C.7. 


(C.9) 
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General  Solution  of  the  Inhomogeneous  Equation 


We  obtain  the  general  solution  of  the  inhomogeneous  equation  as  the  sum  of  the  linear 
combination  of  the  six  homogeneous  solutions  and  the  inhomogeneous  solution: 


r l.hom  -1 

r l,inh  1 

6 

U 

1 

l.hom 

V 

+ 

l,inh 

j=i 

l.hom 

w 

L 

^ 1 

(C.IO) 


where  Cj  (J  = 1,2,  ...  6)  are  six  arbitrary  constants. 

To  obtain  the  particular  solution  of  a given  problem,  we  have  to  determine  the  six 
constants  (C;,C2,  . . . C^)  from  the  continuity  and  boundary  conditions. 
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Appendix  D.  Sample  Problems  for  the  CYLINDER  2 Code 


In  the  next  three  sections  we  will  consider  sample  problems  to  show  the  running 
capabilities  of  the  CYLINDER  2 computer  code.  The  three  problems  considered  were 

1.  Cylinder  subjected  to  mechanical  and  temperature  loads  prescribed  along  the  axis.  The 
material  properties  do  not  vary  with  x. 

2.  Cylinder  subjected  to  temperature  load  prescribed  at  the  edges.  The  material  properties  do 
not  vary  with  x. 

3.  Cylinder  subjected  to  an  axial  end  load.  The  material  properties  may  vary  with  x. 


Cylinder  Subjected  to  Mechanical  and  Temperature  Loads  Prescribed  along  the  Axis. 

The  Material  Properties  Do  Not  Vary  with  x. 

We  consider  a cylinder  whose  material  properties  and  geometrical  data  used  in  the 
calculation  are  given  in  Table  7.1.  We  determine  the  displacements  and  stresses  for  three 
different  loading  conditions  as  follows; 

1.  specified  end  shortening,  u = 0.64  ^m; 

2.  linearly  distributed  surface  pressure  on  the  inner  surface;  pressure 
varies  from  -100  to  -280  kPa; 

3.  temperature  load  varying  linearly  with  x between  366  and  477  K. 

Before  the  running,  the  code  and  the  geometrical  and  material  properties  must  be 
specified  in  the  file  "xdata,"  and  the  boundary  and  loading  conditions  due  to  the  end  shortening 
in  the  file  "xdataloads."  These  files  are  presented  in  Tables  D.l  and  D.2. 


To  run  the  code,  type 


cyli 


Return 


Then  the  following  "inputlist"  appears  on  the  screen: 


Inputlist 

1)  New  running 

2)  New  load  for  an  old  case 

0)  Quit 

Select  an  input  number: 
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Table  D.l  File  "xdata"  for  a cylinder  specified  in  section  7. 


% xdata 


nk=8; 

nl=[5  5555555]; 
nf=2  ; 

f lag= [1^1, 1,1, 2/2, 2/2] ; 
tet ( 1 ) =80 / 180*pi ; 
tet(2)=45/180*pi; 


%number  of  groups  in  one  lamina 
%nuinber  of  plies  in  groups 
%number  of  ply  orientations 
%which  plyorientation  in  a group? 
%lst  plyorientation 
%2nd  plyorientation 


thickness= . 005 ; 
Rra=2  ; 

L=9; 


%thickness  of  one  ply 
%radius  of  the  mold 

%length  of  the  cylinder 


% Elastic  properties  of  a ply 
Ex=.56e7;  Ey=.12e7;  Ez=.12e7; 
Gxy=.6e6;  Gxz=.6e6;  Gyz=.6e6; 
nux=.26;  nuxz=.26;  nuyz=.4; 


% Coefficients  of  thermal  expansion 
alfx=4.78e-6;  alfy=12 .28e-6;  alf z=12 .28e-6; 


% Strength  properties 

xx=154e3;  xxc=88.45e3;  yy=4.495e3;  yyc=17.11e3;  ss=10.44e3; 

% Multipliers  in  Tsai-Wu 

Fxx=0 ; Fyy=0 ; Fzz=0 ; Fx=0 ; Fy=0 ; Fz=0 ; Fss=0 ; Fs=0 ; Fxy=0 ; Fxz=0 ; Fy z=0 ; 


Fxx=l/xx/xxc;  %six  six 

Fyy=l/yy/yyc;  %siy  siy 

Fzz=Fyy;  %siz  siz 

Fx=l/xx-l/xxc;  %six 

Fy=l/yy-l/yyc;  %siy 

Fz=Fy;  %siz 


Fss=l/ss/ss; 

Fs=0; 

Fxy=. 5*sqrt (Fxx*Fyy ) ; 

Fxz=Fxy; 

%Fyz=0; 


%sixy  sixy  and  sixz  sixz 

%sixy 

%2  six  siy 

%2  six  siz 
%2  siy  siz 
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Table  D.2.  File  "xdataload"  for  a cylinder  fixed  at  both  edges 
with  specified  end  shortening  u = -0.64  /jm 


%naine  : xdataloads 


Bound=[l,l,l,l,l,l] ; 

% if  the  element  of  Bound  is  0,  the  force  is  prescribed 
% if  the  element  of  Bound  is  1,  the  displacement  is  prescribed 
%[M0  bending  moment  at  the  bottom 

% QO  shear  force  at  the  bottom 

% ML  bending  moment  at  the  top 

% QL  shear  force  at  the  top 

% N normal  force 

% Mcs]  torque  moment 


% if  the  element  is  1,  the  displacement  is  prescribed 

%[et0  rotation  of  the  cross  section  at  the  bottom 
% wO  radial  displacement  at  the  bottom 

% etL  rotation  of  the  cross  section  at  the  top 
% wL  radial  displacement  at  the  top 

% delL  change  in  length 

% twist]  rotation  of  the  top  section  relative  to  the  bottom 


M0=0; 

Q0=0; 

ML=0; 

QL=0; 

Nax=0; 

Mtw=0; 


bN=[M0,  QO,  ML,  QL,  Nax,  Mtw]'; 


et0=0; 
w0=0  ; 
etL=0; 
wL=0; 

delL=25e-6; 
twist=0 ; 


bE=[etO,  wO,  etL,  wL,  delL,  twist]'; 

KT=5;  % temperature  is  given  at  KT  points: 

ntemp=KT-l;  % 0,  L/ntemp,  ....  , L 

temp=[20,25,30,35,40]*0;  %values  of  temperature  at  given  points 

KT=6;  % pi  is  given  at  KT  points: 

nPi=KT-l;  % 0,  L/nPi,  ....  , L 

Pin=[15,20,25,30,35,40]*(0) ; %values  of  pi  at  given  points 

KT=8;  % po  is  given  at  KT  points: 

nPo=KT-l;  % 0,  L/nPo,  ....  , L 

Pou=[20,20,20,20,20,20,20,20]*0;  %values  of  po  at  given  points 
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Type 


» 1 


Return 


and 

Type 

If  the 


Title  of  the  work:  appears 


:s>  Laszlo-1 


Return 


computation  is  over,  the  following  "outputlist"  appears  on  the  screen: 


Outputlist 

1)  Data. 

2)  Displacements  and  global  internal  forces. 

3)  Stresses  at  a cross  section. 

4)  Load  factor,  critical  cross  section. 

5)  New  loads/boundary  conditions. 

6)  Calculation  of  temperature  distribution. 

0)  Quit 

Select  an  output  number: 


By  entering  1,  2,  ...  6 or  0,  the  item  specified  in  the  outputlist  appears  on  the  screen. 
Type 


» 


Return 


and  the  results  given  in  Figure  D.l  appear  on  the  screen. 
Type 


» 


Return 


and  we  get  Figure  D.2. 
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Lay-up:  [8O5/8O5/8O5/8O5/455/455/455/455] 
inner  radius:  50  mm 
length:  230  mm 

total  thickness:  5 mm 
thickness  of  one  ply:  130  /rm 

Elastic  Constants 

= 39  GPa 

= 4.1  GPa 

= 0.26 
. = 0.26 

Ey  = 8.3  GPa 

= 4.1  GPa 

E^  = 8.3  GPa 

= 4.1  GPa 

0 

II 

Strength  Constants 

X = 1060  MPa 

y = 31  MPa 

5 =72  MPa 

X'  = 610  MPa 

y'  =118  MPa 

F * = -1/2 

xy 

Coefficients  of  Thermal  Expansion 

= 8.6  X 10~^/°C  (in  plane,  fiber  direction) 

= 22.1  X 10"^/°C  (in  plane,  perpendicular  to  the  fiber) 
cx^  = 22.1  X 10"^/°C  (out  of  plane) 

Boundary  Displacements  and  Forces 
at  the  lower  (0)  and  upper  (L)  edges 

radial  displacement:  Wq  = 3.17  x 10""'^  m;  Wj^  = -9.14  x 10'^'^  m 
slope  of  the  meridian:  tjq  = -5.58  x 10"““;  = -4.83  x 10"““ 

relative  axial  displacement  of  the  edges:  = 6.4  x 10"^  m 

relative  twist  of  the  edges:  fio/,  = 3.78  x 10"““ 
shear  force:  = 12.6  N/m;  = 12.6  N/m 

bending  moment:  Mq  = 0.137  N*m/m;  = 0.137  N*m/m 
normal  force:  = -5.63  kg 

torque  moment:  = -0.757  N • m 


0.05 


(U 

D 

e 

B 

<u 

H 


(U 


JZ 

U 


0 


-0.05 


0 50  100  150  700 

Cylinder  Axis  Position,  x (mm) 


250 


Figure  D.l.  Input  data,  edge  loads,  and  edge  displacements  for  a cylinder 
with  specified  end  shortening. 
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Lx>ads  on  the  inner  and  outer  surfaces 


On 


in 
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Figure  D.2.  Prescribed  surface  loads  for  a cylinder  with  specified  end  shortening. 


Type 


Return 


» 2 
and  we  get  Figure  D.3. 
Type 


» 


Return 


and  we  get  Figure  D.4. 
Type 


» 3 


Return 


and 


Type 


X coordinate  = 


appears. 


Return 


» 1 
and  we  get  Figure  D.5. 
Type 


» 


Return 


and  we  get  Figure  D.6. 
Type 


:»  4 Return 

and  we  get  Figure  D.7. 
Type 


» 


Return 


and  we  get  Figure  D.8. 

To  get  results  for  the  second  loading  case,  we  have  to  modify  and  store  the  file  "xdataloads." 
The  new  file  is  given  in  Table  D.3. 

Type 


5 Return 


and 

Type 


Did  you  change  the  "xdataloads"  file?  (y/n) 


appears. 


» y Return 
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u = axial  displacment;  w = radial  displacment;  fi  = v/R  = rotation  of  the  cylinder 
Figure  D.3,  Displacements  of  the  midsurface  for  a cylinder  with  specified  end  shortening. 
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Qr  = shear  force;  Nteta  = hoop  force;  Mxx  = bending  moment 
Figure  D.4,  Global  forces  for  a cylinder  with  specified  end  shortening. 
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Figure  D.5.  Stress  distributions  through  the  thickness  at  x = 25  nun  for  a cylinder  with  specified  end  shortening. 
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(load  factor)  = 4870 

Figure  D.6.  Stress  distributions  and  load  factors  through  the  thickness  at  jc  = 25  mm  for  a cylinder  with  specified  end  shortening. 
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Figure  D.7.  Stress  distributions  through  the  thickness  at  the  critical  cross  section  x 
for  a cylinder  with  specified  end  shortening. 
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for  a cylinder  with  specified  end  shortening. 


Table  D.3.  File  "xdataload"  for  a cylinder  fixed  at  both  edges 

subjected  to  linearly  varying  surface  load  on  the  inner 
surface. 


%neune  : xdataloads 


Bound= [1, 1,1, 1,1,1]; 


% 

if  the 

element  of  Bound 

% 

if  the 

element  of  Bound 

%[M0 

bending  moment 

% 

QO 

shear  force  at 

% 

ML 

bending  moment 

% 

QL 

shear  force  at 

% 

N 

normal  force 

% 

Mcs] 

torque  moment 

is  0,  the  force  is  prescribed 

is  1,  the  displacement  is  prescribed 

at  the  bottom 

the  bottom 

at  the  top 

the  top 


% if  the  element  is  1,  the  displacement  is  prescribed 

%[et0  rotation  of  the  cross  section  at  the  bottom 
% wO  radial  displacement  at  the  bottom 

% etL  rotation  of  the  cross  section  at  the  top 
% wL  radial  displacement  at  the  top 

% delL  change  in  length 

% twist]  rotation  of  the  top  section  relative  to  the  bottom 


M0=0; 

QO-0; 

ML»0; 

QL=0; 

Nax=0 ; 

Mtw=0; 


bN=(M0,  QO,  ML,  QL,  Nax,  Mtw] ' ; 


et0=0; 

w0=0; 

etL=0; 

wL=0; 

delL=0; 

twist=0; 


bE=[etO,  wO,  etL,  wL,  delL,  twist]'; 

KT=5;  % temperature  is  given  at  KT  points: 

ntemp=KT-l;  % 0,  L/ntemp,  ....  , L 

temp=[20,25,30,35,40]*0;  %values  of  temperature  at  given  points 

KT=6;  % pi  is  given  at  KT  points: 

nPi=KT-l;  % 0,  L/nPi,  , L 

Pin* [ 15 , 20, 25, 30, 35 , 40 ] * (-1 ) ; %values  of  pi  at  given  points 

KT*8;  % po  is  given  at  KT  points: 

nPo*KT-l;  % 0,  L/nPo,  ....  , L 

Pou»[20,20,20,20,20,20,20,20]*0;  %values  of  po  at  given  points 
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After  several  seconds  we  get  back  the  "output  list,"  and  the  results  can  be  obtained  in 
a similar  way  as  for  the  first  loading  case.  The  results  are  presented  in  Figures  D.8  through 
D.14. 


We  have  to  modify  and  store  the  file  "xdataloads"  to  get  results  for  the  third  loading 
case.  The  new  file  is  given  in  Table  D.4;  the  results,  obtained  similarly  to  the  results  of  the 
second  loading  case,  are  given  in  Figures  D.15  through  D.19. 


Cylinder  Subjected  to  Temperature  Load  Prescribed  at  the  Edges. 

The  Material  Properties  Do  Not  Vary  with  x. 

We  consider  the  cylinder  described  in  the  previous  section,  the  temperature  of  which  at 
the  bottom  is  252  K and  at  the  top,  433  K.  Before  running  the  code,  the  thermal  conductivity 
data  of  the  matrix  and  those  of  the  fiber  must  be  prescribed  at  equidistant  temperatures  in  the 
file  "xdatconductivity."  This  file,  which  is  given  in  Table  D.5,  also  contains  the  fiber  volume 
fraction  and  the  temperature  of  the  lower  and  upper  ends  of  the  cylinder. 

To  calculate  the  temperature  distribution,  we  have  to  use  option  6 from  the  "outputlist.' 


Type 

» 6 


Return 


We  obtain  Figure  D.20  on  the  screen. 
Then  type 


» 


Return 


to  get  the  temperature  distribution  along  the  axis  of  the  cylinder,  as  can  be  seen  in  Figure  D.21. 

To  get  the  results  due  to  this  temperature  load,  we  used  options  1 through  3 of  the 
"outputlist."  The  results  are  presented  in  Figures 

Before  quitting,  we  change  the  file  "xdataloads"  back  to  that  given  in  Table  D.2. 


Type 

» 5 


Return 


and 

Type 

Type 


Did  you  change  the  "xdataloads"  file?  (y/n) 


» y 

» 0 


Return 


Return 


appears. 
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Lay-up:  (8O5/8O5/8O5/8O5/455/455/455/455] 
inner  radius:  50  mm 
length:  230  mm 

total  thickness:  5 mm 
thickness  of  one  ply:  130  fim 

Elastic  Constants 

= 39  GPa 

^^^  = 4.1 

GPa 

E = 8.3  GPa 

E^  = 8.3  GPa 

G = 4.1 

'-'r7  * 

GPa 

= 0.26 

II 

'0^ 

GPa 

II 

0 

4^ 

Strength  Constants 

X = 1060  MPa 

y = 31 

MPa 

S =72  MPa 

X'  = 610  MPa 

Y'  =118  MPa 

F * = -1/2 

Coefficients  of  Thermal  Expansion 

= 8.6  X 10"^/°C  (in  plane,  fiber  direction) 

= 22.1  X 10“W°C  (in  plane,  perpendicular  to  the  fiber) 

= 22.1  X 10-^/°C  (out  of  plane) 

Boundary  Displacements  and  Forces 
at  the  lower  (0)  and  upper  (L)  edges 

radial  displacement:  Wq  = 0;  = 0 

slope  of  the  meridian:  rjQ  = -1.69  x 10““®;  = 4.74  x 10““® 

relative  axial  displacement  of  the  edges:  = 6.86  x 10“““  m 

relative  twist  of  the  edges:  fig/,  = -5.42  x 10““® 

shear  force:  = 684  N/m;  = -2.24  kN/m 

bending  moment:  Afg  = -2.28  N*m/m;  = -10.0  N*m/m 

normal  force:  = 60.5  kg 

torque  moment:  Aff^^  = 36.7  N • m 
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Cylinder  Axis  Position,  x (mm) 

Figure  D.9.  Input  data,  edge  loads,  and  edge  displacements  for  a cylinder  subjected  to  surface  load. 
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Lx>ads  on  the  inner  and  outer  surfaces 
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Figure  D.IO.  Prescribed  surface  loads  for  a cylinder  subjected  to  surface  load. 
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u = axial  displacment;  w = radial  displacment;  fi  = vIR  = rotation  of  the  cylinder 
Figure  D.  1 1 . Displacments  of  the  midsurface  for  a cylinder  subjected  to  surface  load. 
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Qr  = shear  force;  Nteta  = hoop  force;  Mxx  = bending  moment 
Figure  D.12.  Global  forces  for  a cylinder  subjected  to  surface  load. 
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Figure  D.13.  Stress  distributions  through  the  thickness  at  x = 25  mm  for  a cylinder  subjected  to  surface  load. 
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Figure  D.14.  Stress  distributions  and  load  factors  through  the  thickness  at  x = 25  mm  for  a cylinder  subjected  to  surface  load. 


Table  D.4.  File  "xdataload"  for  a cylinder  fixed  at  both  edges 

subjected  to  linearly  varying  temperature  distribution 


%naine  : xdataloads 


Bound=[l,l,l,l,l,l]; 


% if  the  element  of  Bound 
% if  the  element  of  Bound 


%(M0 

bending  moment 

% 

QO 

shear  force  at 

% 

ML 

bending  moment 

% 

QL 

shear  force  at 

% 

N 

normal  force 

% 

Mcs] 

torcpje  moment 

is  0,  the  force  is  prescribed 

is  1,  the  displacement  is  prescribed 

at  the  bottom 

the  bottom 

at  the  top 

the  top 


% if  the  element  is  1,  the  displacement  is  prescribed 

%(etO  rotation  of  the  cross  section  at  the  bottom 
% wO  radial  displacement  at  the  bottom 

% etL  rotation  of  the  cross  section  at  the  top 
% wL  radial  displacement  at  the  top 

% delL  change  in  length 

% twist]  rotation  of  the  top  section  relative  to  the  bottom 


M0=0; 

Q0=0; 

ML=0; 

QL=0; 

Nax=0; 

Mtw=0 ; 

bN=tMO,  QO,  ML,  QL,  Nax,  Mtw]'; 


et0=0; 

w0=0; 

etL=0; 

wL=0; 

delL=0; 

twist=0; 


bE=[etO,  wO,  etL,  wL,  delL,  twist]'; 

KT=5;  % temperature  is  given  at  KT  points: 

ntemp=KT-l;  % 0,  L/ntemp,  ....  , L 

temp=[20,25,30,35,40]*0;  %values  of  temperature  at  given  points 

KT=6;  % pi  is  given  at  KT  points: 

nPi»KT-l;  % 0,  L/nPi,  , L 

Pin=[ 15, 20, 25, 30, 35 , 40 ] * (0 ) ; %values  of  pi  at  given  points 

KT=8;  % po  is  given  at  KT  points: 

nPo=KT-l;  % 0,  L/nPo,  ....  , L 

Pou=[20,20,20,20,20,20,20,20]*0;  %values  of  po  at  given  points 
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total  thickness:  5 mm 
thickness  of  one  ply:  130 /xm 


Lay-up:  (8O5/8O5/8O5/8O5/455/455/455/455] 
inner  radius:  50  mm 
length:  230  mm 


Elastic  Constants 


= 39  GPa 

= 4. 1 GPa 
= 4.1  GPa 
= 4.1  GPa 

£ = 8.3  GPa 
£^  = 8.3  GPa 

Strength  Constants 

X = 1060  MPa 

f = 31  MPa 

X'  = 610  MPa 

Y'  =118  MPa 

Coefficients  of  Thermal  Expansion 

= 8.6  X 10"^/°C  (in  plane,  fiber  direction) 

= 22.1  X 10”^/°C  (in  plane,  perpendicular  to  the  fiber) 
= 22.1  X 10“^/°C  (out  of  plane) 


r = 0.26 
= 0.26 
K,  = 0.4 


S =72  MPa 
F * = -Ml 

xy 


Boundary  Displacements  and  Forces 
at  the  lower  (0)  and  upper  (L)  edges 

radial  displacement:  Wq  “ “^-^0  x 10‘"°  m;  = -2.20  x 10"~°  m 

slope  of  the  meridian:  tjq  = 7.86  x 10"’^;  = 5.69  x 10”'^ 

relative  axial  displacement  of  the  edges:  r/gz,  = 1-76  x 10”'^  m 

relative  twist  of  the  edges:  fig/,  = 0 

shear  force:  = 31.7  kN/m;  0^^  = -55.8  kN/m 

bending  moment:  Mq  = 188  N*m/m;  = 284  N*m/m 

normal  force:  = -5.27  Mg 

torque  moment:  Aftor  “ 179  N‘m 


Figure  D.15.  Input  data,  edge  loads,  and  edge  displacments  subjected  to  temperature  load. 
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u = axial  displacment;  w = radial  displacment;  fi  = v/R  = rotation  of  the  cylinder 
Figure  D.16.  Displacments  at  the  midsurface  for  a cylinder  subjected  to  temperature  load. 
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Figure  D.17.  Global  forces  for  a cylinder  subjected  to  temperature  load. 


(^dW) 


CN  CN 

I 


(^dN) 


E 

E 


c 

_o 

o 

cu 

c3 

Pi 


xSjS 


(BdW)  J^IS 


VII-73 


Figure  D.18.  Stress  distributions  through  the  thickness  at  x = 25  mm  for  a cylinder  subjected  to  temperature  load. 
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(load  factor)  = 3.57 

Figure  D.19.  Stress  distributions  and  load  factors  through  the  thickness  at  x = 25  mm  for  a cylinder  subjected  to  temperature  load. 


Table  D.5.  File  "xdataconductivity"  contains  the  thermal  conductivity  data 
for  the  matrix  and  the  fiber  at  equidistant  temperatures. 


% xdataconductivity 

% The  thermal  conductivity  is  given  at  Kn  different  temperatures. 
% the  lowest  temperature  is  Ta,  the  upper  is  Tb.  There  are 
% Kn-2  equid.  points  in  between. 

% Vector  hamKm  contains  the  thermal  conductivity 
% of  the  matrix 

% Vectors  hamKfpa,  and  hamKfpe  contain  the  thermal  conductivities 
% of  the  fiber  parallel  and  perpendicular  to  the  fiber  axis, 

% for  Kn  different  temperatures 


% The  program  calculate  the  temperature  at  KT  points. 

% The  temp)erature  is  given  at  the  lower  and  upper  edges  (T1  and  Tu). 
% [Ta<=Tl<Tu<»=Tb] 


Kn=23; 
hamKm= [ ] ; 
hamKfpa=( ] ; 
hamKfpe=[ j ; 


% number  of  points  (thermal  conductivity) 

% thermal  conductivity  of  matrix 

% thermal  conductivity  of  fibers  parallel  to  fib.  direction 
% thermal  conductivity  of  fibers  perpendicular  to  fib.  direction 


% T:  -10 

5 

20  35 

50 

65 

80 

95 

110 

125  140 

heunKfpa*[  .032 

.103 

.174  .228  . 

277 

.332 

.368 

.424 

.463 

.497  .528]; 

heunKf  pe*  [ . 008 

.067 

.126  .168  . 

208 

.248 

.270 

.309 

.332 

.353  .371]; 

hamKm  *|.043 
0.1794] ; 

.063 

.083  .101  . 

12 

.138 

.150 

.162 

.1687 

0.1745 

% T: 

155 

170  185  200 

215 

230 

245  : 

260  275 

290 

305  320 

hamKfpa* [ hamKfpa 

.555  . 

579  .602  .623 

.629 

.636 

.643 

.65  .657 

.663 

.67  .675]; 

hamKfpe*  [ heunKf  pe 

.387  . 

402  .416  .428 

.428 

.429 

.429 

.429.429 

.43 

.43  .43]; 

hamKm* (hamKm  0.1834  0 

.1865  0.1887 

0 

.1900 

0 

.1904 

0.1899 

0.1885 

0.1862  0.1830  0.1789  0.1739  0.1680]; 


vf=.63;  % fiber  volume  frac. 

Ta=10;  Tb=320; 

KT=40;  % temperature  at  KT  points 

Tl=5;  Tu=320; 

matrix* 'Derakane  8084' 

a*. 02992;  b=-. 33242;  c=-. 00592;  d=. 03143;  e=0.00087; 
T=5:15;320; 

hamKm* (a+c*log(T)+e*( log (T) ) .“2) . / ( l+b*log(T) +d* ( log (T) ) .‘2) ; 

subplot  (111); 

T=(-10  T]; 

hamKm=[ (2*hamKm(l)-hamKm(2) ) hamKm); 
plot  (T,heunKm)  ;grid; 
title (matrix) 
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fiber  volume  fraction  = 0.63;  heat  transferred  across  the  surfaces  of  the  cylinder  per  unit  time  Q = 7.44  W 
Figure  D.20.  Functions  of  thermal  conductivity  of  the  fiber,  of  the  matrix,  and  of  the  cylinder. 
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Figure  D.21,  Temperature  distribution  along  the  axis  of  the  cylinder.  The  prescribed  temperature  at  the  bottom 
of  the  cylinder  is  260  K;  at  the  top  it  is  430  K.  The  thermal  conductivity  is  given  in  Figure  D.20. 


Lay-up:  [8O5/8O5/8O5/8O5/455/455/455/455] 
inner  radius:  50  mm 
length:  230  mm 

Elastic  Constants 


total  thickness:  5 mm 
thickness  of  one  ply:  130  /xm 


= 39  GPa 
Ey  = 8.3  GPa 
E^  = 8.3  GPa 

Strength  Constants 

X = 1060  MPa 
X'  = 610  MPa 


= 4. 1 GPa 
= 4. 1 GPa 
= 4.1  GPa 


r = 31  MPa 
Y'  =118  MPa 


r = 0.26 
= 0.26 
= 0.4 


S =72  MPa 
F * = -Ml 

xy  ^ 


Coefficients  of  Thermal  Expansion 

cx^  = 8.6  X 10"^/°C  (in  plane,  fiber  direction) 

= 22.1  X 10'^/°C  (in  plane,  perpendicular  to  the  fiber) 
oTj.  = 22.1  X 10"^/°C  (out  of  plane) 


Boundary  Displacements  and  Forces 
at  the  lower  (0)  and  upper  (L)  edges 

radial  displacement:  Wq  = 1.03x  10"^*  m;  = 0 

slope  of  the  meridian:  i/g  = -3.25  x 10"‘^;  rj^  = 2.30  x 10"’^ 

relative  axial  displacement  of  the  edges:  = -8.81  x 10~^®  m 

relative  twist  of  the  edges:  = 0 

shear  force:  = 6.21  kN/m;  = -43.3  kN/m 

bending  moment:  Mq  = -66.4  N*m/m;  = -210  N*m/m 

normal  force:  = -3.24  Mg 

torque  moment:  = 1 14  N • m 


Figure  D.22.  Input  data,  edge  loads,  and  edge  displacements  for  a cylinder 
with  prescribed  temperatures  at  the  edges. 
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u = axial  displacment;  w = radial  displacment;  fi  = v/R  = rotation  of  the  cylinder 
Figure  D.23.  Displacements  of  the  midsurface  for  a cylinder  with  prescribed  temperatures  at  the  edges. 
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Figure  D.24.  Stress  distributions  through  the  thickness  at  jc  = 25  nun  for  a cylinder  with  prescribed  temperatures  at  the  edges. 
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with  prescribed  temperatures  at  the  edges. 


Cylinder  Subjected  to  an  Axial  End  Load. 

The  Material  Properties  Vary  with  x. 

We  consider  a cylinder  with  a total  length  of  480  mm.  The  lay-up  is  the  same  as  in  the 
previous  cases,  and  the  material  properties  on  the  bottom  240  mm  are  also  the  same,  whereas 
the  elastic  constants  on  the  top  240  mm  are  half  those  of  the  bottom  part. 

The  cylinder  is  subjected  to  a unit  load  Nq  = \. 

To  analyze  the  whole  480-mm-long  cylinder,  first  we  have  to  solve  the  two  sections 
with  constant  material  properties  separately.  The  bottom  section,  designated  "Laslo-1,"  was 
treated  in  the  previous  section. 

To  run  the  top  section,  we  have  to  change  the  elastic  properties  in  the  file  "xdata" 
(Table  D.6).  Then  type 


» cyli  Return 


» 1 Return 


^ Laszlo-2  Return 


After  getting  the  "outputlist,"  type 


» 0 


Return 


To  calculate  the  whole  cylinder,  we  have  to  store  file  "moredataload"  (Table  D.7). 


To  run  the  whole  cylinder,  type 


» more  Return 


and  Title  of  the  work:  appears. 

Type 


» DUGO 


Return 


and 

Type 

and 


Number  of  cylinders 


appears. 


2 Return 


Name  of  the  1th  cylinder: 


appears. 
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Table  D.6.  File  "xdata"  for  the  "top"  part  of  the  cylinder  with  varying 
material  properties. 


% xdata 


nk=8;  %number  of  groups  in  one  Icunina 

nl=(5  5555555];  %number  of  plies  in  one  group 


nf =2 ; 

f lag= [1,1, 1,1, 2, 2^2, 2]; 

tet(l)*80/180*pi; 

tet(2)=45/180*pi; 


%number  of  ply  orientations 
%which  plyorientation  in  a group? 
%l8t  plyorientation 
%2nd  plyorientation 


thickness^. 005 ; 
Rm=2 ; 

L=9; 


%thickness  of  one  ply 
%radius  of  the  mold 
%length  of  the  cylinder 


% T300/934; 

Ex=.56e7/2;  Ey*.12e7/2;  Ez*.12e7/2; 
Gxy=.6e6/2;  6xz3:.6e6/2;  Gyz=*.6e6/2; 
nux=.26;  nuxz=.26;  nuyz=.4; 


alfx=4.78e-6;  alfy=12 . 28e-6;  alf z=12 . 28e-6; 

xx=154e3;  xxc=88.45e3;  yy=4.495e3;  yyc=17.11e3;  ss=10.44e3; 

Fxx=0 ; Fyy*0 ; Fzz=0 ; Fx»0 ; Fy*0 ; Fz=0 ; Fs8=0 ; Fb*0 ; Fxy=0 ; Fxz=0 ; Fyz=0 ; 


Fxx=l/xx/xxc;  %six  six 

Fyy=l/yy/yyc;  %8iy  siy 

Fzz=Fyy;  %siz  siz 

Fx=l/xx-l/xxc;  %six 

Fy=l/yy-l/yyc;  %siy 

Fz=Fy;  %8iz 


Fss^l/ss/ss;  %8ixy  sixy  and  sixz  sixz 

Fs=0;  %sixy 

Fxy=-.5*sqrt (Fxx*Fyy) ; %2  six  siy 

Fxz=Fxy;  %2  six  siz 

%Fyz=0;  %2  siy  siz 

[Fxx  Fyy  Fzz  Fas]; 

[Fx  Fy  Fz  Fs] ; 

[Fxy  Fxz  Fyz); 
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Table  D.7.  File  "moredataload"  for  a cylinder  fixed  at  both  edges  and 
subjected  to  a tensile  force  i^o  * 1 


%naine  : moredataloadmore 

Bound= (1,1, 1,1, 0,1); 


% 

if 

the  element  is  0, 

%[M0 

bending  moment 

% 

QO 

shear  force  at 

% 

ML 

bending  moment 

% 

QL 

shear  force  at 

% 

N 

normal  force 

% 

Mcs  ] 

torque  moment 

the  force  is  prescribed 
at  the  bottom 
the  bottom 
at  the  top 
the  top 


% if  the  element  is  1,  the  displacement  is  prescribed 

%[et0  rotation  of  the  cross  section  at  the  bottom 
% wO  radial  displacement  at  the  bottom 

% etL  rotation  of  the  cross  section  at  the  top 
% wL  radial  displacement  at  the  top 

% delL  change  in  length 

% twist]  rotation  of  the  top  section  relative  to  the  bottom 


M0=0; 
Q0=0; 
ML=0; 
QL=0  ; 
Nax=0; 
Mtw=0 ; 


bN»(M0,  QO,  ML,  QL,  Nax,  Mtw] ' ; 

et0=0; 

w0=0; 

etL=0; 

wL=0; 

delL=0; 

twist=0; 


bE=(etO,  wO,  etL,  wL,  delL,  twist)'; 


VII-84 


Type 


» Laszlo-1 


Return 


and 

Type 


Name  of  the  2th  cylinder: 


appears. 


» Laszlo-2 


Return 


and 


-THE  1th  CYLINDER  - DUGO 


appears. 


Type 


» 


Return 


Then  the  "outputlist"  for  the  bottom  section  appears.  (Do  no  use  options  5 and  6!)  We  printed 
the  results  as  before;  they  are  in  Figures  D.26  and  D.27. 

Type 


» 0 


Return 


and 


-THE  2th  CYLINDER  - DUGO 


appears. 


Type 


» 


Return 


Then  the  "outputlist"  for  the  top  section  appears.  The  results  are  printed  in  Figures  D.28 
and  D.29. 
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total  thickness;  5 mm 
thickness  of  one  ply:  130  /xm 


Lay-up:  [8O5/8O5/8O5/8O5/455/455/455/455] 
inner  radius:  50  mm 
length:  230  mm 


Elastic  Constants 


= 39  GPa 

(7^  = 4.1  GPa 
= 4. 1 GPa 
= 4.1  GPa 

E = 8.3  GPa 

E^  = 8.3  GPa 

Strength  Constants 

X = 1060  MPa 

y = 31  MPa 

X'  = 610  MPa 

r =118  MPa 

Coefficients  of  Thermal  Expansion 

= 8.6  X 10”^/°C  (in  plane,  fiber  direction) 

= 22.1  X 10"^/°C  (in  plane,  perpendicular  to  the  fiber) 
cc^  = 22.1  X 10“^/°C  (out  of  plane) 


= 0.26 
= 0.26 


S =72  MPa 
F * - -Ml 

xy 


Boundary  Displacements  and  Forces 
at  the  lower  (0)  and  upper  (L)  edges 

radial  displacement:  Wg  = 3.87  x 10"“^  m;  = -3.66  x 10"^  m 

slope  of  the  meridian:  t/q  = -1.32  x 10"~^;  = -1.13  x 10"^ 

relative  axial  displacement  of  the  edges:  = 5.13  x 10"®  m 

relative  twist  of  the  edges:  fig^  = 4.54  x 10~’° 
shear  force:  = -1.01  N/m;  = -0.189  N/m 

bending  moment:  A/g  = 11.0  mN*m/m;  = 6.16  mN*m/m 
normal  force:  = 0.45  kg 

torque  moment:  = 0.06  N • m 
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Figure  D.26.  Input  data,  edge  loads,  and  edge  displacements  for  the  bottom  section  of  a cylinder 

with  varying  material  properties. 


VII-86 


(luu)  n 


VIl-87 


u = axial  displacment;  w = radial  displacment;  fi  = v/R  = rotation  of  the  cylinder 
Figure  D.27.  Displacments  of  the  midsurface  for  the  bottom  section  of  a cylinder  with  varying  material  properties. 


Lay-up:  [8O5/8O5/8O5/8O5/455/455/455/455] 
inner  radius:  50  mm 

total  thickness:  5 mm 

length:  230  mm 

thickness  of  one  ply: 

130  fim 

Elastic  Constants 

= 19  GPa 

= 2.1  GPa 
= 2.1  GPa 
Gy^  = 2.1  GPa 

If  II  II 

= 0.26 

E = 4.1  GPa 

4 = 4.1  GPa 

= 0.26 
= 0.4 

Strength  Constants 

X = 1060  MPa 

r = 31  MPa 

s 

= 72  MPa 

X'  = 610  MPa 

y =118  MPa 

f * 

■O’ 

= -1/2 

Coefficients  of  Thermal  Expansion 

= 8.6  X 10~^/°C  (in  plane,  fiber  direction) 

= 22.1  X 10"^/°C  (in  plane,  perpendicular  to  the  fiber) 

= 22.1  X 10-^/°C  (out  of  plane) 

Boundary  Displacements  and  Forces 
at  the  lower  (0)  and  upper  (L)  edges 

radial  displacement:  Wq  = -3.66  x 10”^  m;  = 1.37  x 10""“^  m 
slope  of  the  meridian:  r/g  = -1.13  x 10"^;  t/^  = 1.51  x lO"" 
relative  axial  displacement  of  the  edges:  = 1.03  x 10”^  m 

relative  twist  of  the  edges:  = -4.54  - 10“*® 

shear  force:  = -0.189  N/m;  = 101  N/m 

bending  moment:  Afg  = 6.16  mN*m/m;  = 0.432  N*m/m 
normal  force:  = 0.45  kg 

torque  moment:  = 0.06  N • m 
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Figure  D.28.  Input  data,  edge  loads,  and  edge  displacements  for  the  top  section  of  a cylinder 

with  varying  material  properties. 
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u = axial  displacment;  w = radial  displacment;  fi  = v/R  = rotation  of  the  cylinder 
Figure  D.29.  Displacments  of  the  midsurface  for  the  top  section  of  a cylinder  with  varying  material  properties. 
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in  Axially  Loaded  Glass-Epoxy  Cylinders 
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VIII.  Analysis  of  End-Fitting-Induced  Strains 
in  Axially  Loaded  Glass-Epoxy  Cylinders 


M.  W.  Hyer  and  T.  W.  Knott 

Virginia  Polytechnic  Institute  and  State  University 
Blacksburg,  Virginia 


This  section  discusses  the  strain  response  of  axially  loaded,  thick, 
glass-epoxy  composite  cylinders.  Two  stacking  sequences  are  considered; 
[±10]6„  and  [81/±45/+103/±45/82]„  {n  = 1,2).  The  cylinders  are  representa- 
tive of  the  type  intended  for  the  support  structure  of  the  proposed  superconduct- 
ing magnetic  energy  storage  system  (SMES).  As  such,  the  strain  response  at 
room  temperature  and  at  4 K were  computed.  The  strain  levels  at  room  tem- 
perature were  25%  higher  than  at  4 K.  Finite-element  analyses  were  used 
throughout.  The  influence  of  two  end-fitting  designs  and  two  wall  thickness, 
n = I and  n = 2,  were  investigated.  Design  had  little  effect  on  strain  response 
and  magnitude.  Both  thermally  induced  and  load-induced  intra-  and  interlaminar 
strains  are  considered. 


1 . Introduction 

The  loading  of  a cylinder  or  tube  in  axial  compression,  while  at  first  glance  is  quite 
straightforward,  requires  attention  to  the  details  of  load  introduction  at  the  ends  of  the  cylinder. 
Preparation  of  the  cylinder  and  the  design  of  the  additional  fittings  and  fixturing  that  transfer 
the  load  from  the  surrounding  environment,  be  it  a loading  frame  or  another  structural  compo- 
nent, to  the  ends  of  the  cylinder  are  the  primary  points  that  must  be  addressed.  For  a cylinder 
in  simple  axial  compression,  the  end  fitting  will  most  likely  control  failure.  Even  with  the 
utmost  care  in  design,  the  end  fitting  will  introduce  stress  or  strain  concentrations  into  the 
cylinder  that,  under  normal  circumstances,  will  exceed  the  strains  due  to  any  other  effect. 
Whether  the  end  fitting  makes  use  of  bolts,  pins,  or  other  mechanical  fasteners  to  introduce  the 
load  into  the  cylinder  wall  via  holes  in  the  wall,  or  whether  it  is  of  the  more  conventional 
design  which  transmits  the  load  by  bearing  on  the  end  of  the  cylinder,  there  will  be  stress 
concentration  effects.  This  is  assuming  that  the  ends  of  the  cylinder  have  been  prepared  proper- 
ly. Proper  preparation  involves  something  as  simple  as  assuring  the  ends  of  the  cylinder  have 
been  machined  flat  and  parallel,  to  something  as  complicated  as  designing  additional  thickness 
into  the  cylinder  wall  and  perhaps  tapering  the  thickness  as  a function  of  axial  distance  away 
from  the  ends.  If  the  ends  of  the  cylinder  have  not  been  given  a certain  level  of  attention,  stress 
concentration  effects  can  be  more  pronounced. 
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2.  Procedures 


Here  the  issue  of  the  end  fitting  for  the  glass-epoxy  SMES  support  cylinders  will  be 
addressed  in  the  following  context:  A number  of  cylinders  with  an  inner  radius  of  50.0  mm 
(2.00  in)  have  been  tested  to  failure  using  a simple  aluminum  bearing-type  end  fitting.  The 
failure  loads  and  failure  modes  for  these  cylinders  have  been  recorded.  The  approach  here 
will  be  to  conduct  an  analysis  of  the  end  region  of  these  cylinders  by  considering  the  details  of 
the  end  fitting  used  in  the  testing.  The  strain  levels  introduced  into  the  cylinders  as  a result  of 
this  design  and  representative  load  and  temperature  levels  will  be  determined.  This  end  fitting 
will  be  referred  to  as  the  baseline  design.  Two  cylinder  wall  constructions  that  were  tested  will 
be  considered,  namely  lay-up  no.  1 and  lay-up  no.  2.  Lay-up  no.  1 has  stacking  sequence 
[±10]6„,  n = 1,2,  and  lay-up  no.  2 has  the  stacking  sequence  [81/+45/+ 103/±45/82]„, 
n = 1,2.  Lay-up  no.  1 is  quite  stiff  in  the  axial  direction  and  soft  in  the  circumferential  direc- 
tion. Lay-up  no.  2 is  stiffer  in  the  circumferential  direction  than  the  first  construction,  with 
some  accompanying  sacrifice  of  axial  stiffness.  Two  wall  thickness,  n = I and  « = 2,  of  these 
constructions  are  considered:  5.08  mm  and  10.2  mm  (0.2  and  0.4  in).  The  thicker  wall  proba- 
bly is  more  representative  of  actual  cylinder  designs.  With  these  cylinder  dimensions,  the  mean 
ratios  of  cylinder  radius  to  wall  thickness  are  10.5  for  the  thinner  cylinder  and  5.5  for  the 
thicker  cylinder,  the  latter  most  certainly  being  classified  as  a thick-walled  cylinder  and  the 
former  one  being  in  the  thick-walled  category  by  most  standards.  Note  that  the  cylinder  wall 
lay-up  no.  1 was  intended  to  be  all  unidirectional,  whereas  lay-up  no.  2 was  intended  to  consist 
of  0°,  90°,  +45°,  and  -45°  plies.  Due  to  the  process  by  which  the  cylinders  were  made,  0° 
and  90°  plies  were  not  possible. 

With  the  strains  in  the  walls  of  cylinders  with  these  two  lay-ups  and  two  thicknesses 
computed,  attention  will  then  focus  on  an  alternative  end-fitting  design.  These  same  two  cylin- 
der wall  constructions  and  the  same  representative  loading  conditions  will  be  studied  to  deter- 
mine the  effect  of  the  alternative  end-fitting  design  on  wall  strain  levels.  The  alternative  design 
discussed  is  intended  only  to  show  a possible  trend  in  the  effect  of  end-fitting  design  on  wall 
strain  levels.  The  alternative  design  has  not  been  constructed,  nor  is  it  necessarily  being  pro- 
posed. It  should  be  noted  that  strains,  not  stresses,  are  being  reported  because  strains  can  be 
measured  directly  in  an  experiment,  while  experimental  stress  measurements  require  knowing 
the  constitutive  properties  of  the  material  being  tested.  This  requires  further  testing  which  may 
lead  to  additional  fixturing. 

An  important  issue  in  the  end-fitting  analysis  is  the  material  properties  of  the  glass- 
epoxy.  This  is  particularly  the  case  at  temperatures  other  than  room  temperature,  where  materi- 
al-property data  are,  in  general,  not  readily  available  for  fiber-reinforced  materials.  Also,  the 
different  manufacturing  techniques  commonly  used  to  fabricate  tubes  result  in  different  material 
properties,  even  though  the  specifications  for  the  material  properties  may  be  the  same  for  each 
manufacturing  technique.  Lack  of  the  ability  to  control  resin  deposition  exactly,  to  control 
tension  in  the  tows  in  a filament-winding  process,  to  minimize  void  formation,  to  closely  moni- 
tor consolidation,  to  control  the  environment,  and  a host  of  other  issues  result  in  anomalies  that 
lead  to  deviations  from  the  specified  material  properties.  Thus,  experimentally  determined 
material -property  measurements  of  a particular  sample  of  material  may  not  result  in  representa- 
tive data.  The  approach  herein  will  be  to  compute  the  material  properties  from  micromechanical 
models  that  utilize  constituent  properties,  that  is,  fiber  properties  and  matrix  properties,  that 
have  been  measured  experimentally.  It  will  be  assumed  that  the  fiber  volume  fraction  of  the 
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glass  fibers  is  60%  and  there  are  no  voids.  Ply  properties  will  be  determined  from  these  micro- 
mechanical models,  and  then  macromechanical  models  will  be  used  to  smear  ply,  or  layer, 
properties  to  determine  properties  for  the  cylinder  wall  that  will,  at  least  for  the  purposes  of 
computing  the  overall  strain  response  of  the  cylinder,  be  assumed  to  be  constant  throughout  the 
wall  thickness.  Appendix  A discusses  the  micromechanical  modeling,  and  Appendix  B discusses 
the  macromechanical  modeling. 

Figure  2.1  is  a schematic  diagram  of  one  end  of  the  cylinder  with  the  end  fitting  at- 
tached. Figure  2.1(a)  illustrates  the  baseline  end-fitting  design;  Figure  2.1(b)  illustrates  the 
alternative  design.  With  the  baseline  design,  which  is  rather  simple,  the  cylinder  end  fits  into  a 
groove  that  is  slightly  wider  than  the  thickness  of  the  cylinder  wall.  The  cylinder  is  then  potted 
in  place  with  an  aluminum-filled  epoxy  potting  compound.  Since  the  axial  compressive  loading 
forces  the  cylinder  into  the  groove,  the  potting  serves  only  to  keep  the  end  fitting  attached  the 
cylinder  for  purposes  of  handling.  Because  during  testing  of  the  cylinders  the  end  fittings  bear 
on  some  other  surface,  a steel  baseplate  is  included  in  the  analysis  to  represent  the  effect  of  the 
surrounding  load-bearing  environment  on  the  cylinders.  The  steel  baseplate  is  assumed  to  have 
an  axial  dimension  of  76  mm  (3.00  in). 

With  the  baseline  end  fitting,  the  region  where  the  cylinder  exits  the  groove  is  expected 
to  be  the  location  of  the  highest  strains.  In  simplest  terms,  the  strains  at  the  end-fitting  exit  will 
be  a combination  of  axial  compressive  strains  that  result  from  the  overall  compressive  load,  and 
bending  strains  that  result  from  the  deformation  of  the  cylinder  wall  as  it  exits  the  end  fitting. 
The  bending  effects  can  be  explained  as  follows:  Away  from  the  end  fitting,  as  a result  of 
Poisson  effects,  the  axial  compressive  force  causes  the  cylinder  to  become  larger  in  diameter. 
The  end  fitting,  being  quite  stiff  in  the  radial  direction,  prevents  the  portion  of  the  cylinder  in 
the  end  fitting  from  becoming  larger  in  diameter.  In  fact,  the  diameter  within  the  end  fitting  is 
basically  the  unloaded  diameter  of  the  cylinder.  Thus,  as  the  cylinder  exits  the  end  fitting,  its 
diameter  goes  from  the  unloaded  diameter  to  the  larger,  loaded  diameter.  It  is  this  sudden 
change  in  diameter,  or  rather,  the  freedom  to  have  this  sudden  change,  that  leads  to  high  strain 
concentrations  as  the  cylinder  exits  the  end  fitting.  Likewise,  if  the  cylinder  and  end  fitting  are 
subjected  to  a temperature  change,  the  end  fitting  will  expand  or  contract  radially  in  a different 
manner  than  the  cylinder  itself.  Away  from  the  end  fitting,  the  cylinder  can  deform  freely. 
Where  the  cylinder  exits  the  end  fitting,  the  transition  from  one  deformed  state  to  the  other 
results  in  bending  strains  in  the  cylinder  wall. 

Typically,  the  region  away  from  the  end  of  a cylinder  is  called  the  membrane  region;  it 
is  characterized  by  the  fact  that  no  cylinder  wall  bending  is  taking  place  in  that  region  and  the 
strains,  and  hence  stresses,  are  independent  of  the  radial  position  within  the  wall.  Furthermore, 
in  the  membrane  region,  the  strains  are  also  usually  independent  of  the  axial  position.  A simple 
force-divided-by-area  analysis  will  provide  an  accurate  estimate  of  the  response  of  the  cylinder 
in  the  membrane  region.  In  contrast,  the  region  near  the  end  of  a cylinder  is  usually  character- 
ized by  the  rapid  change  in  strain  levels  with  both  the  radial  and  the  axial  coordinate.  This 
region  is  referred  to  as  a boundary-layer  region.  The  axial  distance  covered  by  the  boundary- 
layer  region  is  generally  a function  of  material  properties  and  cylinder  radius.  For  geometrical- 
ly nonlinear  problems,  the  boundary-layer  length  also  depends  on  the  load  level.  For  the  thick 
cylinders  considered  here,  geometrically  nonlinear  effects  will  not  be  important.  Thus  load-level 
effects  on  the  boundary-layer  length  will  not  be  an  issue.  Generally,  but  not  always,  the  shorter 
the  boundary  layer,  the  more  severe  the  strains  are  within  it.  As  can  be  surmised,  in  this  study 
the  boundary  layer  is  the  region  where  the  cylinder  exits  the  end  fitting  and  the  alternative 
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Figure  2. 1 . Two  end-fitting  designs. 
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Figure  2.2.  Baseline  end-fitting  design  (section). 
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Figure  2.3.  Details  of  alternative  end-fitting  design  (section). 
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design  is  focusing  on  changing  the  boundary-layer  region  of  the  cylinder.  The  alternative  design 
attempts  to  change  the  length  of  the  boundary  layer,  and  thus  perhaps  the  severity  of  the  strains 
within  it. 

Figure  2.2  provides  details  of  the  baseline  end  fittings  as  they  were  configured  for  test- 
ing cylinders  with  an  inner  radius  of  50.8  mm  (2.00  in).  Since  the  two  cylinder  wall  thick- 
nesses considered  had  the  same  inner  radii,  the  two  cylinder  thickness  were  accommodated  by 
simply  adjusting  the  width  of  the  groove  in  the  end  fitting.  As  mentioned  earlier,  in  the  testing 
that  has  taken  place,  the  end-fitting  material  was  aluminum.  The  alternative  design  is  being  kept 
simple  by  using  the  taper  dimensions  given  in  Figure  2.3.  Because  the  length  of  the  tapered 
section  and  the  width  of  the  narrow  end  of  the  tapered  section  could  both  be  varied,  the  number 
of  alternative  end-cap  designs  is  innumerable.  Hence  the  scheme  of  Figure  2.3  serves  only  to 
limit  the  study  and  provide  insight  as  to  whether  the  geometry  of  the  taper  shown  in  that  figure 
has  any  effect  whatsoever. 

In  the  actual  application  of  the  cylinders,  one  end  will  be  immersed  in  liquid  helium,  at 
a temperature  of  4 K (-452°F),  while  the  other  end  will  be  at  ambient  temperature,  here  taken 
to  be  room  temperature,  297  K (77°F).  As  a result,  there  is  a temperature  gradient  along  the 
length  of  the  cylinder.  Here  the  temperature  of  the  cylinder  and  end  fitting  will  be  assumed  to 
be  spatially  uniform,  either  at  room  temperature  or  at  4 K.  This  assumption,  which  makes  the 
analysis  considerably  simpler,  is  not  felt  to  compromise  the  results.  To  determine  the  influence 
on  the  strains  in  the  cylinders  due  to  the  extreme  environment  of  4 K,  the  strains  for  the  two 
laminates,  the  two  wall  thicknesses,  and  the  baseline  and  alternative  end  fittings  will  be  comput- 
ed for  the  case  of  cooling  the  cylinder  from  room  temperature  to  4 K but  with  no  axial  load 
applied  {AT  = -293  K,  -529°F).  For  this  case,  all  strains,  and  hence  all  stresses,  are  assumed 
to  be  zero  at  room  temperature.  After  the  discussion  of  temperature  effects,  the  strains  for  the 
case  of  applying  a load  that  results  in  689-MPa  (100-ksi)  mean  axial  compressive  stress  will  be 
presented.  These  strains  will  be  presented  for  the  case  of  using  material  properties  evaluated  at 
4 K.  The  sum  of  the  thermally  induced  strains  at  4 K and  the  load-induced  strains  at  4 K will 
thus  represent  the  situation  at  the  cold  end  of  a loaded  cylinder.  To  represent  the  effects  at  the 
warm  end  of  the  inner  loaded  cylinder,  the  strains  resulting  from  the  689-MPa  mean  axial  com- 
pressive stress  and  room-temperature  properties  are  presented. 

Note  that  the  residual  curing  strains  are  not  included.  As  the  epoxy  tends  to  become 
stiffer  at  lower  temperatures,  a worst-case  estimate  of  the  residual  strains  due  to  cooling  from 
cure  rather  than  cooling  from  room  temperature  can  be  obtained  by  using  the  thermally  induced 
strains  at  4 K and  ratioing  them  using  the  difference  between  cure  temperature  and  room  tem- 
perature. 
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3.  Results 


Results  of  the  finite  element  analysis  of  the  various  cases  discussed  above  follow: 

The  commercially  available,  general-purpose  code  ABAQUS  [3.1]  was  used  to  obtain  all 
results.  The  pre-  and  postprocessing  software  PATRAN  [3.2]  was  used  for  model  development  and 
exhibiting  undeformed  and  deformed  geometries.  Representative  undeformed  and  deformed  geome- 
tries, the  finite  element  discretization  for  the  baseline  and  alternative  end-fitting  designs,  are  shown 
in  Figures  3.1(a)  and  3.1(b),  respectively.  The  deformed  and  undeformed  geometries  provide  insight 
into  the  aforementioned  length  of  the  boundary  layer  and  the  bending  effects  within  this  region. 
Following  the  deformations,  the  strains  in  the  cylinder  are  shown  in  graphical  form.  The  graphical 
results  were  prepared  with  the  data  analysis  package  DAN  [3.3].  The  strains  are  shown  on  a ply-by- 
ply  basis.  Within  the  plane  of  each  ply  the  principal  material  system  intralaminar  strains  are  illus- 
trated, with  Cj  being  the  strain  in  the  fiber  direction,  and  co  being  the  strain  perpendicular  to  the  fiber 
direction  (referred  to  here  as  transverse  strain),  and  7]2  being  the  shear  strain.  Since  they  represent 
worst-case  strains,  only  the  strains  in  the  extreme  inner  and  outer  plies  at  each  fiber  orientation  are 
considered.  These  strains  are  shown  as  a function  of  axial  length  along  the  cylinder. 


(b) 


Figure  3.1.  Finite  element  meshes:  (a)  baseline  design,  (b)  alternative  design. 
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The  coordinate  system  used  to  describe  the  cylinder  is  shown  in  Figure  3.2.  The  radial 
direction  (r)  is  as  would  be  expected  in  a cylindrical  coordinate  system,  and  the  circumferential 
coordinate  (6)  is  not  shown.  Note  that  the  location  jc  = 0 is  at  the  end  of  the  cylinder  within  the  end 
fitting.  For  the  baseline  end  fitting,  the  cylinder  exits  the  end  fitting  at  jc  = 25.4  mm  (1  in);  with  the 
alternative  design,  the  cylinder  exits  the  end  fitting  at  a larger  value  of  x.  Two  through-the-thickness, 
or  interlaminar,  strains  are  reported.  One  strain  is  the  interlaminar  normal  strain  in  the  radial  direc- 
tion (e^),  which  represents  the  tendency  of  the  plies  to  move  apart  or  together,  depending  on  the  sign 
of  the  strain.  The  other  interlaminar  strain  is  the  shear  strain  (7^^.  This  strain  represents  the  tendency 
of  the  plies  to  slide  by  each  other  in  the  axial  direction.  Neither  of  these  strains  is  resisted  by  fiber- 
reinforcing effects;  rather,  it  is  strictly  the  strength  and  stiffness  of  the  epoxy  that  prevent  these 
strains  from  becoming  excessive.  In  addition  to  considering  the  inner  and  outer  plies,  the  interlaminar 
strains  at  the  cylinder  midply  location  are  also  shown.  The  midply  location  is  added  because  the  inter- 
laminar strains  can  be  maximum  at  this  radial  location.  For  all  the  strains,  the  character  just  into  the 
membrane  region  is  depicted.  As  will  be  seen,  and  as  mentioned  above,  the  strains  do  not  change 
with  axial  or  radial  coordinate  in  this  region. 
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Figure  3.2.  Coordinate  system  used  in  the  analysis. 
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The  smeared  material  properties  used  in  the  analyses  for  the  glass-epoxy  are  given  in 
Tables  3.1  and  3.2,  while  Table  3.3  lists  the  material  properties  used  for  the  aluminum.  The 
material  properties  of  the  filled-epoxy  compound  to  bond  the  cylinder  into  the  groove  in  the 
aluminum  end  fitting  are  shown  in  Table  3.4.  The  results  for  the  thick  cylinders  are  discussed 
in  some  detail.  Since  there  is  considerable  similarity  between  the  responses  of  the  thin  and  thick 
cylinders,  the  thin  cylinders  are  not  discussed.  The  results  for  the  thin  cylinders  are  included  in 
Appendix  C.  Herein,  for  ease  of  notation,  lay-up  no.  1,  which  has  stacking  sequence  [±10]6„ 
will  be  denoted  by  [10],  and  lay-up  no.  2,  which  has  stacking  sequence 
[82/±45/±  103/145/+ 82]„  will  be  denoted  by  [82/45/10]. 


Table  3.1.  Smeared  properties  for  [10]  laminate. 


Property 

Temperature 

4K 

(-452  °F) 

297  K 

(77  °F) 

E^,  GPa  (Msi) 

48.8 

(7.08) 

42.2 

(6.12) 

E^,  GPa  (Msi) 

31.9 

(4.62) 

15.6 

(2.26) 

E^,  GPa  (Msi) 

31.1 

(4.51) 

15.1 

(2.20) 

GPa  (Msi) 

0.261 

0.236 

GPa  (Msi) 

0.306 

0.332 

GPa  (Msi) 

0.340 

0.302 

G^,  GPa  (Msi) 

8.71 

(1.26) 

4.05 

(0.587) 

GPa  (Msi) 

9.80 

(1.42) 

5.19 

(0.752) 

G^,  GPa  (Msi) 

6.21 

(0.901) 

2.86 

(0.415) 

-1540  X 10'^ 

-5300  X 10-^ 

-5240  X 10"^ 

K-'  (”F-') 

6.30  X 10-^ 

(3.50  X 10-^) 

K-'  (°F-') 

26.1  X 10-^ 

(14.5  X 10-^) 

Cf,  K-'  (»F-') 

25.7  X 10-^ 

(14.3  X 10-^) 
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Table  3.2.  Smeared  properties  for  [82/45/10]  laminate. 


Property 

Temperature 

4 K 

(-452  °F) 

297  K 

(77  °F) 

GPa  (Msi) 

39.2 

(5.68) 

29.4 

(4.27) 

E^,  GPa  (Msi) 

32.3 

(4.68) 

16.0 

(2.32) 

E0,  GPa  (Msi) 

32.8 

(4.75) 

19.8 

(2.87) 

GPa  (Msi) 

0.253 

0.218 

GPa  (Msi) 

0.346 

0.368 

GPa  (Msi) 

0.282 

0.205 

G^,  GPa  (Msi) 

7.74 

(1.12) 

3.58 

(0.520) 

G^,  GPa  (Msi) 

12.3 

(1.78) 

7.97 

(1.16) 

G^,  GPa  (Msi) 

6.82 

(0.990) 

3.15 

(0.457) 

JT 

-232  X 10"^ 

T 

-5550  X 10-^ 

J 

-3900  X 10-^ 

K->  (”F-') 

8.89  X 10-^ 

(4.94  X 10"^) 

K-'  (°F-') 

28.3  X 10-^ 

(15.7  X 10-^) 

ae,  K-'  (-F-') 

16.5  X 10-^ 

(9.19  X 10-^) 

Table  3.3. 

Properties  of  aluminum. 

Property 

Temperature 

4 K 

(-452  °F) 

297  K 

(77  op) 

E,  GPa  (Msi) 

77.2 

(11.2) 

68.9 

(10.0) 

V 

0.343 

0.300 

G,  GPa  (Msi) 

28.7 

(4.21) 

26.5 

(3.85) 

-4200  X 10"^ 

a,  K-*  (°F-*) 

23.4  X 10"^ 

(13.0  X 10-^) 
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Table  3.4.  Properties  of  filled  epoxy. 


Property 


Temperature 


4K 

(-452 °F) 

297  K 

(77  °F) 

E,  GPa  (Msi) 

6.89 

(1.00) 

3.45 

(0.50) 

V 

0.400 

0.400 

G,  GPa  (Msi) 

2.46 

(0.36) 

1.23 

(0.18) 

-800 

X 10-^ 

a,  K-‘  (°F-‘) 

39.6  X 10"^ 

(22.0  X 10"^) 

3.1  [10]  Cylinders 

First  discussed  is  the  response  of  the  thick  [10]  cylinder  to  a temperature  change  from 
room  temperature  to  4 K.  Material  properties  evaluated  at  4 K are  used.  Then  the  response  of 
the  thick  [10]  cylinder  to  an  applied  axial  load  is  discussed,  the  material  properties  at  4 K being 
used.  Finally  the  response  of  the  thick  [10]  cylinder  to  an  applied  axial  load  using  room-tem- 
perature properties  is  discussed.  Comparison  of  the  last  two  cases  enables  evaluation  of  the 
influence  of  temperature-dependent  material  properties  on  cylinder  response.  The  responses  of 
the  thick  [82/45/10]  cylinders  to  these  same  three  conditions  are  then  considered.  Comparison 
of  the  three  conditions  for  the  two  lay-ups  enables  evaluation  of  lamination  effects  on  cylinder 
response. 

3.1.1  Thermally  Induced  Strain  - Baseline-Design  End  Fitting 

The  deformations  in  the  cylinder  with  the  baseline-design  end  fitting  that  result  from 
lowering  the  temperature  from  room  temperature  to  4 K can  be  assessed  by  comparing  the 
outline  of  the  undeformed  mesh  in  Figure  3.1(a)  with  the  deformed  mesh  in  Figure  3.3.  As  can 
be  seen,  lowering  the  temperature  causes  the  portion  of  the  cylinder  away  from  the  end  fitting 
to  decrease  in  radius.  The  end  fitting  contracts  radially,  but  not  much  differently  than  the  cylin- 
der, thus  leading  to  just  a slight  bending  of  the  cylinder  wall  as  it  exits  the  end  fitting.  The 
thermal  dilatation  properties  of  the  cylinder  wall  (Table  3.1)  relative  to  the  dilatational  proper- 
ties of  the  aluminum  end  fitting  (Table  3.3)  are  responsible  for  this  slight  inward  bending  of  the 
cylinder  wall. 

The  strains  due  to  lowering  the  temperature  from  room  level  to  4 K for  the  thick  [10] 
cylinder  with  a baseline  end  fitting  are  illustrated  in  Figures  3.4  and  3.5.  Throughout,  the 
strains  shown  are  the  total  strains  minus  thermal  dilatation  effects.  It  is  this  difference  that  is 
used  directly  in  Hooke’s  Law  to  compute  the  stresses.  The  principal  material  intralaminar 
strains  at  a representative  radial  position  within  the  -I- 10°  ply  at  the  outer  radial  location  and  at 
a representative  radial  position  within  the  -10°  ply  at  the  inner  radial  location  are  shown  in 
Figure  3.4,  the  fiber-direction  and  transverse  strains  being  at  the  top  and  center,  respectively. 
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Figure  3.3.  Deformations  due  to  temperature  change  of  thick  [10]  cylinder 
with  baseline-design  end  fitting  (Ar  = -294  K). 


of  the  figure,  and  the  shear  strains  being  at  the  bottom.  (The  term  ‘representative  radial  posi- 
tion’ within  the  outer  ply  is  used  to  mean  that  the  strains  at  the  Gauss  point  closest  to  the  outer 
radius  are  what  are  reported.  A similar  interpretation  in  terms  of  Gauss-point  location  is  associ- 
ated with  the  inner-ply  location.)  The  strains  in  each  ply  are  due  to  two  effects:  (1)  the  differ- 
ences in  thermal-expansion  properties  from  one  ply  to  the  next  within  the  cylinder  wall  and  (2) 
the  aforementioned  difference  in  thermal-expansion  properties  between  the  aluminum  end  fitting 
and  the  cylinder  wall. 

As  can  be  seen  in  Figure  3.4,  the  most  severe  tensile  strain  in  the  fiber  direction  (ej) 
occurs  at  the  outer-ply  location  just  as  the  cylinder  wall  exits  the  end  fitting.  The  strain  level  is 
1000  microstrain,  and  from  the  deformed  mesh  it  is  clear  why  the  most  severe  tensile  strain 
occurs  here.  At  this  same  axial  location,  but  on  the  outer-ply  location  of  the  cylinder,  the  strain 
is  practically  zero.  Higher  fiber-direction  compressive  strains  occur  within  the  end  fitting, 
particularly  near  the  end  of  the  cylinder.  These  are  due  to  the  thermally  induced  contraction  of 
the  aluminum  in  the  axial  direction  being  greater  than  the  thermally  induced  contraction  of  the 
cylinder  in  the  axial  direction.  As  can  be  seen  in  the  membrane  region,  the  strains  at  the  inner- 
and  outer-ply  locations  do  not  vary  with  axial  location. 

The  intralaminar  transverse  strains  (€2)  are  low  but  are  most  severe  within  the  end 
fitting,  the  strains  being  tensile  and  of  similar  magnitude  at  the  inner-  and  outer-ply  locations. 
Since  the  2 direction  within  a ply  is  approximately  circumferential,  the  small  tensile  strain 
reflects  the  fact  that  upon  cooling  to  4 K the  cylinder  tends  to  shrink  only  slightly  more  in  the 
circumferential  direction  than  does  the  end  fitting.  An  examination  in  Tables  3.1  and  3.3  of  the 
circumferential  dilatational  strain  at  4 K for  the  [10]  lay-up  and  the  dilatational  strain  for  the 
aluminum  shows  this  to  be  the  case. 

The  principal  material  system  intralaminar  shear  strains  (712)  in  the  inner  and  outer 
plies  are  shown  in  the  lower  portion  of  Figure  3.4.  With  shear  strains,  the  magnitude,  not  the 
sign,  is  important.  As  can  be  seen,  the  largest  shear  strain  occurs  in  the  outer  ply  Just  as  the 
cylinder  exits  the  end  fitting.  However,  strains  of  similar  magnitude  occur  throughout  the  mem- 
brane region,  away  from  the  boundary  layer.  This  indicates  that  the  influence  on  residual  shear 
strain  of  cooling  from  room  temperature  to  4 K within  the  cylinder  material  is  about  as  severe 
as  the  conditions  encountered  where  the  cylinder  exits  the  end  fitting.  Note  that  the  levels  of 
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fiber  direction  and  transverse  strain  away  from  the  end  fitting  are  close  to  zero,  indicating 
negligible  residual  thermal  effects  on  these  strain  components  within  the  material  upon  cooling 
from  room  temperature  to  4 K. 

The  interlaminar  strains  due  to  cooling  from  room  temperature  to  4 K are  shown  in 
Figure  3.5.  The  interlaminar  strains  are  shown  at  three  radial  locations,  the  inner-ply  location, 
the  midply  location,  and  the  outer-ply  location.  As  mentioned,  the  midply  location  is  added  to 
the  discussion  of  these  strains  because  the  interlaminar  strains,  particularly  the  interlaminar 
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Figure  3.4.  Intralaminar  strains  due  to  a temperature  change  of  -294  K. 
in  thick  [10]  cylinder  with  baseline-design  end  fitting. 
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shear  strain,  can  be  maximum  in  the  center  of  the  cylinder  wall.  Here  the  interlaminar  radial 
strain  is  both  tensile  and  compressive,  the  tensile  strain  being  of  more  importance  since  it  im- 
plies the  plies  have  the  tendency  to  move  apart  in  the  thickness  direction,  leading  to  delamina- 
tion. The  magnitude  of  the  tensile  radial  strain  is  about  1600  microstrain,  the  peak  values  oc- 
curring near  the  end  of  the  cylinder,  within  the  end  fitting.  The  interlaminar  shear  strain  is  high 
at  the  end  of  the  cylinder,  within  the  end  fitting.  The  interlaminar  shear  strain  has  a local  peak 
as  it  exits  the  end  fitting.  Care  must  be  taken  when  considering  the  peak  values  of  strain,  both 
here  with  the  interlaminar  shear  strains,  and  in  general,  with  all  the  strains.  The  finite  element 
model  considers  no  filets  or  radiusing  effects  with  geometry  nor  yielding  with  material  behav- 
ior. All  corners,  both  interior  and  exterior,  are  perfect  90°  angles.  In  theory,  right  angles  lead 
to  infinite  stress  concentrations.  However,  in  reality,  the  corners  are  not  perfect  right  angles, 
and  even  for  sharp  corners  nonlinear  material  behavior  such  as  yielding  or  crazing  occurs, 
which  redistributes  the  load  and  reduces  the  actual  stress  concentration.  Here  perfect  right 
angles  are  assumed  to  occur  at  the  end  of  the  cylinder,  that  is,  at  the  base  of  the  groove  and  in 
the  potting  material  as  the  cylinder  exits  the  end  fitting.  With  the  potting  material  and  the  cylin- 
der wall  forming  a right-angle  fillet  just  as  the  cylinder  exits  the  end  fitting,  high  strain  concen- 
trations will  be  computed. 


0 25  50  75  100  125 


Figure  3.5.  Interlaminar  strains  due  to  a temperature  change  of  -294  K 
in  thick  [10]  cylinder  with  baseline-design  end  fitting. 
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Figure  3.6.  Deformation  due  to  temperature  change  of  thick  [10]  cylinder 
with  alternative-design  end  fitting  (AF  = -294  K). 


3.1.2  Thermally  Induced  Strain:  Alternative-Design  End  Fitting 

The  thermally  induced  deformations  in  the  cylinder  with  the  alternative  end  fitting  are 
illustrated  in  Figure  3.6.  The  influence  on  the  thermally  induced  strains  of  introducing  the 
alternative  end  fitting  is  illustrated  in  Figures  3.7  and  3.8.  These  figures  should  be  compared 
with  Figures  3.4  and  3.5.  Note:  similar  scales  are  used  for  ease  of  comparison.  As  can  be 
observed,  the  primary  effect  of  the  alternative  end  fitting  is  to  shift,  in  the  axial  direction,  the 
location  of  the  peak  strains.  In  fact,  the  peak  strains  are  shifted  by  23.2  mm  (0.915  in),  the 
length  of  the  tapered  extension  to  the  end  fitting.  Any  reduction  in  strain  levels  is  difficult  to 
detect.  If  thermally  induced  strains  were  the  only  strains  to  contend  with,  and  knowing  that  the 
alternative  design  most  likely  costs  more  to  manufacture,  it  would  not  be  worth  the  additional 
expense  of  the  alternative  end  fitting. 

3.1.3  Strains  due  to  Load  and  Low-Temperature  Material  Properties  - 
Baseline-Design  End  Fitting 

The  application  of  an  axial  load  results  in  strains  that  depend  on  the  axial  and  radial  co- 
ordinates differently  than  the  strains  resulting  from  thermally  induced  effects.  The  deformed 
geometry  due  to  the  applied  load  for  the  baseline  end-fitting  design  (using  the  material  proper- 
ties of  glass-epoxy  evaluated  at  4 K)  is  shown  in  Figure  3.9.  The  applied  load  results  in  an 
average  axial  stress  level  of  689  MPa.  With  an  applied  load,  as  opposed  to  a temperature  de- 
crease, away  from  the  end  fitting,  the  cylinder  expands.  The  constraining  effect  of  the  end- 
fitting  results  in  the  cylinder  wall  bending  outward. 

The  fiber-direction  compressive  strain,  the  upper  part  of  Figure  3.10,  is  maximum  just 
as  the  cylinder  wall  exits  the  end  cap.  The  sharp  peak  in  the  fiber-direction  strain  response 
shows  the  magnitude  of  the  maximum  compressive  strain  to  be  about  17,500  microstrain.  This 
is  a large  value,  and  it  occurs  at  the  outer  ply  of  the  wall.  An  examination  of  the  deformed 
geometry  in  Figure  3.9  reveals  why  the  maximum  compressive  strain  is  located  at  the  outer 
radial  location.  Away  from  the  end  fitting,  in  the  membrane  region,  the  fiber-direction  com- 
pressive strain  is  about  13,5(X)  microstrain.  This  represents  a strain  concentration  effect  due  to 
the  end  fitting  of  about  1.3  (17, 500/13, 5(X)).  The  inner-ply  location  within  the  wall  does  not 
experience  as  large  a fiber-direction  compressive  strain.  Within  the  end  fitting,  the  fiber- 
direction  compressive  strains  are  not  large.  Note  that  compared  to  the  thermally  induced  fiber- 
direction  compressive  strain  shown  in  Figure  3.4,  the  load-induced  fiber-direction  strain  is 
considerably  larger  throughout  the  cylinder. 
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Figure  3.7.  Intralaminar  strains  due  to  a temperature  change  of  -294  K 
in  thick  [10]  cylinder  with  alternative-design  end  fitting. 
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Figure  3.8.  Interlaminar  strains  due  to  a temperature  change  of  -294  K 
in  thick  [10]  cylinder  with  alternative-design  end  fitting. 


Figure  3.9.  Deformation  due  to  applied  load  of  thick  [10]  cylinder  with 
baseline-design  end  fitting,  low-temperature  properties. 
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Figure  3.10.  Intralaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thick 
[10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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The  transverse  strain,  the  center  portion  of  Figure  3.10,  is  tensile  and  has  a maximum 
value  well  away  from  the  end  fitting,  within  the  membrane  region  of  the  cylinder.  The  maxi- 
mum level  of  this  tensile  strain  is  just  under  4000  microstrain.  The  low  level  of  transverse 
strain  within  the  end  fitting,  the  transverse  strain  again  being  practically  circumferential,  is 
indicative  of  the  effect  of  the  end  fitting  becoming  only  slightly  larger  in  circumference  owing 
to  the  applied  load  and  thus  restraining  the  cylinder  within  it  from  circumferential  expansion. 

The  intralaminar  shear  strain  7j2,  shown  in  the  lower  portion  of  Figure  3.10,  exhibits  a 
peak  Just  as  the  cylinder  exits  the  end  fitting.  However,  this  peak  is  not  too  different  than  the 
level  of  strain  experienced  in  the  membrane  region,  a level  of  about  6300  microstrain. 

The  load-induced  interlaminar  strains,  and  7^,  due  to  the  axial  load  and  material 
properties  evaluated  at  4 K,  are  illustrated  in  Figure  3.11.  As  the  cylinder  exits  the  end  fitting, 
the  radial  strain  experiences  a large  tensile  value,  the  peak  value  being  about  5800  microstrain. 
Interestingly  enough,  the  peak  value  is  outside  the  end  fitting  by  2.5  mm  (0.1  in).  In  the  mem- 
brane region,  the  radial  strain  is  similar  at  all  three  radial  locations  and  has  a magnitude  of 
about  3800  microstrain.  The  interlaminar  shear  strains  show  an  extreme  peak  at  the  exit  to  the 
end  fitting,  the  actual  spike  being  due  to  the  aforementioned  idealized  fillet  geometry.  Without 
the  spike,  the  maximum  value  of  interlaminar  shear  strain  occurs  about  5 mm  (0.2  in)  inside 
the  end  fitting.  This  peak  value  of  the  shear  strain  is  about  10,000  microstrain. 
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Figure  3.11.  Interlaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thick 
[10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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3.1.4  Strains  due  to  Load  and  Low-Temperature  Material  Properties  - 
Alternative-Design  End  Fitting 

The  deformations  that  result  from  applying  the  load  to  a cylinder  with  the  alternative  end 
fitting  and  material  properties  evaluated  at  4 K are  illustrated  in  Figure  3.12.  The  deformations  where 
the  cylinder  exits  the  taper  are  similar  to  the  deformations  associated  with  the  baseline  end  fitting 
(Fig.  3.9).  The  strains  that  result  from  the  application  of  the  axial  load  with  the  alternative  end  fitting 
and  the  material  properties  evaluated  at  4 K are  shown  in  Figures  3.13  and  3.14.  To  assess  the  effect 
of  the  end  fitting,  these  figures  should  be  compared  to  Figures  3.10  and  3.11.  Comparing  the  fiber- 
direction  compressive  strains  for  the  two  end  fittings  (Figs.  3.10  and  3.13),  again  it  is  seen  that  the 
primary  effect  of  the  alternative  end  fitting  is  to  shift  the  location  of  the  peak  fiber-direction  strain 
axially  an  amount  equal  to  the  length  of  the  tapered  addition.  It  is  difficult  to  detect  any  reduction  in 
the  magnitude  of  the  peak  strain.  The  magnitude  of  the  transverse  strain  is  also  virtually  unaffected 
by  the  alternative  end  fitting  design.  The  shear  strain  is  influenced  somewhat,  but  because  the  fiber- 
direction  compressive  strain  and  the  transverse  strain  are  not  influenced,  the  apparent  influence  of  the 
tapered  end  fitting  on  the  shear  strain  is  considered  of  secondary  value. 

The  influence  of  the  alternative  end-cap  design  on  the  interlaminar  strains  (Fig.  3.14),  when 
compared  with  the  interlaminar  strains  due  to  the  baseline  design  (Fig.  3.11),  is  negligible.  The  peak 
value  of  the  interlaminar  radial  strain  is  reduced  slightly,  but  the  interlaminar  shear  strain,  not  count- 
ing the  spike,  actually  increases. 

In  summary,  it  appears  that  the  particular  alternative  end-cap  design  studied  is  not  effective  in 
reducing  the  strain-concentration  effects  in  the  [10]  cylinder. 


Figure  3.12.  Deformation  due  to  applied  load  of  thick  [10]  cylinder  with 
alternative-design  end  fitting,  low-temperature  properties. 
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Figure  3.13.  Intralaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thick 
[10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 
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Figure  3.14.  Interlaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thick 
[10]  cylinder  with  alternativendesign  end  fitting,  4-K  properties. 


3.1.5  Strains  due  to  Load  and  Room-Temperature  Material  Properties  - 
Baseline-Design  End  Fitting 

Since  the  one  end  of  the  SMES  support  cylinder  is  operating  at  noncryogenic  temperatures,  it 
is  of  interest  to  determine  whether  the  difference  in  material  properties  between  4 K and  room  tem- 
perature has  any  effect  on  the  load-induced  strains.  As  can  be  seen  from  the  material  properties  given 
in  Tables  3.1  and  3.2,  glass-epoxy  is  softer  at  room  temperature  than  at  4 K,  owing  to  the  stiffening 
of  the  epoxy  matrix  at  lower  temperatures.  Within  the  scale  of  the  figures,  the  deformed  geometry  for 
the  case  of  room-temperature  properties  cannot  be  distinguished  from  the  deformed  geometry  for  the 
case  properties  at  4 K.  Thus,  for  the  remainder  of  the  discussion,  deformed  geometries  will  not  be 
shown. 


The  load-induced  strains  due  to  the  baseline  end-fitting  design  and  room-temperature  proper- 
ties are  illustrated  in  Figures  3.15  and  3.16.  These  figures  should  be  compared,  respectively,  to  the 
previously  discussed  Figures  3.10  and  3.11,  illustrating  the  strains  for  the  4-K  temperature  conditions. 
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Figure  3.15.  Intralaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thick 
[10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 


A close  comparison  of  Figures  3.10  and  3.15  indicates  that  fiber-direction  strains  are  greater 
when  the  cylinder  is  loaded  at  room  temperature.  However,  the  general  character  of  the  strains  at  the 
inner-  and  outer-ply  locations  does  not  depend  on  the  temperature.  For  both  temperatures,  the  most 
severe  compressive  strain  occurs  in  the  outer  plies  as  the  cylinder  exits  the  end  fitting.  Further 
examination  of  these  two  figures  shows  that  the  transverse  strains  in  the  membrane  region  are  25% 
larger  at  room  temperature  than  at  4 K.  The  strain  concentration  factor  for  the  fiber-direction 
compressive  strain  in  the  10°  ply  is  about  1.4,  slightly  higher  than  for  the  lower  temperature  case. 
The  shearing  strains  are  also  about  25%  larger  at  room  temperature  than  at  4 K. 
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Figure  3.16.  Interlaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thick 
[10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 


Examination  of  the  interlaminar  shear  strains  using  the  room  temperature  properties  (Fig. 
3.16)  shows  that  the  tensile  radial  strain  at  room  temperature  has  increased  relative  to  the  strains  at 
4 K (Fig.  3.11).  The  interlaminar  shear  strain,  not  counting  the  spikes,  at  room  temperature  has  also 
increased  relative  to  the  shear  strain  at  4 K.  This  can  be  easily  seen  by  comparing  lower  portions  of 
Figures  3.11  and  3.16.  As  mentioned  earlier,  the  interlaminar  strains  depend  solely  on  epoxy  proper- 
ties, and  with  these  being  softer  at  room  temperature,  more  strain  should  be  expected. 


3.1.6  Strains  due  to  Load  and  Room-Temperature  Material  Properties  - 
Alternative-Design  End  Fitting 

As  with  the  properties  at  4 K,  using  room-temperature  material  properties  with  the  alternative 
end  fitting  does  little  more  than  shift,  relative  to  the  baseline  case,  the  characteristics  of  the  strain- 
versus-axial-position  relation  toward  the  membrane  region  by  a distance  equal  to  the  length  of  the 
tapered  addition.  This  can  be  seen  by  comparing  Figures  3.17  and  3.18  with  Figures  3.15  and  3.16. 
Comparison  of  Figure  3.17  with  Figure  3.13  shows  that  room-temperature  conditions  with  the  alter- 
native end  cap  result  in  greater  fiber-direction  compressive  strains,  greater  transverse  strains,  and 
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greater  shear  strains.  In  addition,  and  as  might  be  expected,  the  interlaminar  strains  at  room  tem- 
perature with  the  alternative  end  cap  (Fig.  3.18)  are  larger  than  the  interlaminar  strains  at  4 K 
(Fig.  3.14). 

It  would  appear  that  the  differences  between  material  properties  at  4 K and  those  at  room 
temperature  manifest  themselves  in  the  strain  response  of  the  cylinder,  both  with  the  baseline  end  cap 
and  with  the  alternative  design,  being  about  25%  larger  at  room  temperature. 


Figure  3.17.  Intralaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thick 
[10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 
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Figure  3.18.  Interlaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thick 
[10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 


3.2  [82/45/10]  Cylinders 

3.2.1  Thermally  Induced  Strains  - Baseline-Design  End  Fitting 

As  in  the  case  of  the  [10]  laminate  (Fig.  3.4),  the  thermally  induced  fiber-direction  strain  (cj) 
at  4 K in  the  10°  ply  for  the  [82/45/10]  laminate  is  maximum  within  the  end  fitting  (Fig.  3.19).  In 
fact,  the  strain  in  this  ply  looks  much  like  the  strain  in  the  10°  ply  of  the  [10]  laminate  as  it  is  cooled 
to  4 K from  room  temperature.  The  magnitude  and  character  of  the  strains,  including  the  transverse 
strain  (€2)  are  not  similar;  transverse  strain  is  maximum  (about  1500  microstrain)  in  the  membrane 
region  for  the  [82/45/10]  laminate.  The  shear  strain  (7J2)  for  the  10°  ply  for  the  two  laminates  looks 
similar,  but  the  magnitudes  are  different,  the  strain  being  smaller  in  the  [82/45/10]  laminate. 

In  the  45°  ply  in  the  [82/45/10]  laminate  (Fig.  3.20),  the  fiber-direction  strain  is  about  the 
same  magnitude  as  it  is  in  the  10°  ply,  although  the  strain  is  higher  in  the  membrane  region  for  the 
[82/45/10]  laminate  than  it  is  for  the  [10]  laminate.  This  higher  membrane-region  strain  reflects  a 
higher  residual  thermal  strain  at  4 K in  the  [82/45/10]  laminate  than  in  the  [10]  laminate.  The  same 
can  be  said  of  the  transverse  strain,  residual  effects  at  4 K being  higher  in  the  [82/45/10]  laminate 
than  in  the  [10]  laminate  (Fig.  3.21).  Note  the  similarity  in  the  character  with  x of  the  fiber  direction 
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and  transverse  strains.  This  is  characteristic  of  the  45°  angle.  The  shear  strain  (7,2)  in  the  45°  ply  is 
much  larger  than  the  shear  strain  in  the  10°  ply.  Increased  shear  strains  in  off-axis  plies  are  common 
owing  to  the  shear-extension  coupling  peculiar  to  fiber-reinforced  materials.  As  the  cylinder  exits  the 
end  fitting,  the  shear  strain  in  the  45°  ply  peaks  at  about  3200  microstrain. 


Figure  3.19.  Intralaminar  strains  due  to  applied  axial  stress  of  -294  MPa  in  ± 10°  plies 
of  thick  (82/45/10]  cylinder  with  baseline-design  end  fitting. 
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Figure  3.20.  Intralaminar  strains  due  to  a temperature  change  of  -294  K in  +45°  plies 
of  thick  [82/45/10]  cylinder  with  baseline-design  end  fitting. 
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Figure  3.21. 
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Intralaminar  strains  due  to  a temperature  change  of  -294  K in  +82°  plies 
of  thick  [82/45/10]  cylinder  with  baseline-design  end  fitting. 
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Figure  3.22.  Interlaminar  strains  due  to  a temperature  change  of  -294  K in 
thick  [82/45/10]  cylinder  with  baseline-design  end  fitting. 


In  the  [82/45/10]  laminate,  the  character  of  the  fiber-direction  and  transverse  strains  in  the 
82°  ply  (Fig.  3.22)  is  the  same  as  the  character  of  the  transverse  and  fiber-direction  strains,  respec- 
tively, in  the  10°  ply,  although  the  magnitudes  are  not  similar.  This  reversal  of  trends  for  these  two 
plies  will  be  seen  throughout  the  discussion.  The  shear  strains  in  the  two  plies,  however,  have  similar 
character  and  magnitude.  In  the  82°  ply,  the  transverse  strain  reaches  a value  of  4000  microstrain  at 
the  inner-ply  location  just  as  the  cylinder  exits  the  end  fitting. 

Interestingly  enough,  the  interlaminar  radial  strains  in  the  [82/45/10]  laminate  (Fig.  3.22)  are 
practically  identical  to  the  interlaminar  radial  strains  in  the  [10]  laminate  (Fig.  3.5).  The  interlaminar 
shear  strains  are  similar  but  not  to  the  degree  the  radial  strains  are  similar.  Despite  the  differences  in 
intralaminar  properties  of  the  two  laminates,  apparently  the  baseline  end  fitting  generates  approxi- 
mately the  same  interlaminar  strain  response  in  the  two  laminates. 


3.2.2  Thermally  Induced  Strain  - Alternative-Design  End  Fitting 

Figures  3.23  through  3.26  document  the  strains  resulting  from  the  cool-down  to  4 K and  the 
alternative  end  fittings.  Comparison  of  the  strains  resulting  from  cool-down  and  the  baseline  end 
fitting  in  Figures  3.19  through  3.22  indicates  that  the  alternative  end  fitting  does  very  little  to  alter  the 
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thermally  induced  strains  other  than  to  shift  the  characteristics  in  the  axial  direction  a distance  equal 
to  the  length  of  the  added  taper  of  the  design.  It  appears  that  the  taper  of  the  design  is  not  enough  to 
alter  the  strain  distribution,  although  more  tapering  could  result  in  stresses  in  the  end  fitting  that  may 
exceed  the  yield  stress  of  the  aluminum.  This  issue  was  not  pursued  here. 


Figure  3.23.  Intralaminar  strains  due  to  a temperature  change  of  -294  K in  +10°  plies 
of  thick  [82/45/10]  cylinder  with  alternative-design  end  fitting. 
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Figure  3,24. 
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Intralaminar  strains  due  to  a temperature  change  of  -294  K in  ±45°  plies 
of  thick  [82/45/10]  cylinder  with  alternative-design  end  fitting. 
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Intralaminar  strains  due  to  a temperature  change  of  -294  K in  +82°  plies 
of  thick  [82/45/10]  cylinder  with  alternative-design  end  fitting. 
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Figure  3.26.  Interlaminar  strains  due  to  a temperature  change  of  -294  K in 
thick  [82/45/10]  cylinder  with  alternative-design  end  fitting. 


3.2.3  Strains  due  to  Load  and  Low-Temperature  Material  Properties  - 
Baseline-Design  End  Fitting 

The  effects  on  the  strains  of  loading  the  thick  [82/45/10]  cylinder,  using  material  properties 
evaluated  at  4 K,  are  illustrated  in  Figures  3.27  through  3.30;  Figure  3.27  illustrates  the  strains  in 
the  10°  plies.  As  with  the  [10]  laminate  (Figs.  3.10  and  3.11),  the  average  applied  axial  stress  is 
689  MPa.  It  is  seen  that  the  magnitude  of  the  fiber-direction  compressive  axial  strain  in  the  10°  ply  at 
the  outer  radius  is  somewhat  over  20,000  microstrain,  a rather  high  number.  This  high  strain  occurs 
just  as  the  cylinder  exits  the  end  fitting,  and  this  level  exceeds  the  strain  level  in  the  [10]  laminate. 
The  concentration  factor  for  these  strains  is  about  1.3.  With  the  [82/45/10]  laminate,  the  82°  plies 
and  the  +45°  and  -45°  plies  do  not  contribute  much  to  the  axial  stiffness;  thus,  a softer  laminate  and 
greater  strains  result  for  the  same  applied  load  level.  The  transverse  strains  (the  center  portion  of  Fig. 
3.27)  are  larger  than  they  are  for  the  [10]  laminate.  Interestingly  enough,  even  though  the  second 
laminate  has  considerable  circumferential  stiffness  compared  to  the  first  laminate,  the  circumferential 
strains,  as  represented  by  the  transverse  strains  in  the  10°  ply,  are  still  quite  large,  5600  microstrain 
tensile  to  be  specific,  in  the  membrane  portion  of  the  cylinder.  For  this  second  laminate,  as  with  the 
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first  laminate,  the  aluminum  end  cap  restrains  the  portion  of  the  cylinder  within  from  expanding 
circumferentially,  as  evidenced  by  the  low  transverse  strains  in  the  cylinder  within  the  end  cap.  The 
shear  strains  in  the  10°  ply  in  the  [82/45/10]  laminate  (the  lower  portion  of  Fig.  3.27)  are  somewhat 
greater  than  in  the  [10]  laminate. 
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Figure  3.27.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ± 10°  plies 
of  thick  [82/45/10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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In  the  45°  plies  (Fig.  3.28),  the  shear  strain  dominates  the  response,  peaking  to  a level  of 
about  25,000  microstrain  as  the  cylinder  exits  the  end  cap.  This  strain  component  also  exists  at  a sig- 
nificant level  in  the  membrane  region,  again  reflecting  the  high  shear-extension  coupling  present  in 
off-axis  plies  of  fiber-reinforced  material.  The  transverse  strain  level  (10,000  microstrain)  is  also 
somewhat  large,  except  it  is  compressive  in  nature. 
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Figure  3.28.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  +45°  plies 
of  thick  [82/45/10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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The  fiber-direction  strain  in  the  82°  ply  (Fig.  3.29)  is  very  similar  to  the  transverse  strain  in 
the  10°  ply  (Fig.  3.27),  whereas  the  transverse  strain  in  the  82°  ply  is  similar  to  the  fiber-direction 
strain  in  the  10°  ply,  an  interchange  of  characteristics  seen  previously  with  this  laminate. 
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Figure  3.29.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  +82°  plies 
of  thick  [82/45/10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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Figure  3.30.  Interlaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  thick 
[82/45/10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 


The  interlaminar  strains  in  the  [82/45/10]  laminate  (Fig.  3.30),  although  very  similar  in 
character  to  the  interlaminar  strains  in  the  [10]  laminate  (Fig.  3.11)  show  increased  levels  relative  to 
that  laminate.  The  interlaminar  radial  strain  (the  upper  portion  of  Fig.  3.30)  has  a larger  tensile  value 
for  this  second  laminate  than  for  the  first  laminate  under  identical  loading.  This  high  level,  when 
combined  with  the  high  in-plane  strain  components  near  the  exit  from  the  end  fitting,  could  result  in 
a serious  condition.  In  the  [82/45/10]  laminate,  the  interlaminar  shear  strain  is  about  15,000  micro- 
strain, not  counting  the  spike,  just  inside  of  the  end  fitting. 
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3.2.4  Strains  due  to  Load  and  Low-Temperature  Material  Properties  - 
Alternative-Design  End  Fitting 

As  before,  an  examination  of  the  alternative  end  cap  with  the  [82/45/10]  laminate,  with  mate- 
rial properties  evaluated  at  4 K (Figs.  3.31  through  3.34),  shows  little  difference  in  the  cylinder 
response  compared  with  that  of  the  baseline  end  fitting  (Figs.  3.27  through  3.30).  Alterations  in  the 
length  of  the  boundary  layer  just  do  not  exist,  although  there  is  a slight  reduction  in  the  peak  inter- 
laminar radial  strain  Just  at  the  exit  to  the  end  fitting,  for  example,  when  comparing  the  top  portions 
of  Figures  3.30  and  3.34. 
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Figure  3.31.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  + 10°  plies 
of  thick  [82/45/10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 
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Figure  3.32.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  +45°  plies  of 
thick  [82/45/10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 
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Figure  3.33.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ±82°  plies 
of  thick  [82/45/10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 
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Figure  3.34.  Interlaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  thick 
[82/45/10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 


3.2.5  Strains  due  to  Load  and  Room-Temperature  Material  Properties  - 
Baseline-Design  End  Fitting 

Using  room-temperature  material  properties  in  the  analysis  of  the  load-induced  strains  in 
the  [82/45/10]  laminate  due  to  the  baseline  end  fitting  results  in  the  response  shown  in  Figures  3.35 
through  3.38.  These  results  can  be  compared  with  those  of  the  baseline  end  fitting  for  the  same 
laminate  using  properties  at  4 K (Figs.  3.27  through  3.30)  or  with  those  of  the  [10]  laminate  at  room 
temperature  (Figs.  3.15  and  3.16).  Compared  to  the  same  laminate  but  using  properties  at  4 K (Fig. 
3.27),  the  fiber-direction  compressive  strain  in  the  10°  ply  (Fig.  3.35)  is  greater  by  about  a factor 
of  1.5.  The  concentration  factor  for  these  strains  is  about  1.4.  This  effect  of  less  stiff  material  prop- 
erties at  room  temperature,  as  compared  to  4 K,  was  seen  with  the  [10]  laminate,  although  the  factor 
was  not  as  high  as  1.5.  This  larger  factor  for  the  [82/45/10]  laminate  is  felt  to  be  due  to  its  overall 
softer  axial  properties.  This  is  also  reflected  in  Figures  3.27  and  3.35  in  the  transverse  and  shear 
strains.  This  factor  of  1.5  is  quite  evident  in  the  strains  in  the  45°  ply.  By  comparing  any  one  of  the 
three  strain  components  in  Figure  3.36  with  the  corresponding  strain  component  in  Figure  3.28,  the 
factor  of  1 .5  becomes  evident.  What  is  important  is  the  large  value  ( > 30,000  microstrain)  of  shear 
strain  in  45°  ply  in  the  membrane  region  (the  lower  part  of  Fig.  3.36).  Clearly,  this  can  lead  to 
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microcracking  in  the  plane  of  the  ply,  a condition  that  can  lead  to  the  loss  of  stability  of  the  compres- 
sively  loaded  fiber.  Fortunately,  the  transverse  strain  is  a large  compressive  value,  indicating  that 
perhaps  the  fiber  is  stabilized  by  compressive  stresses  perpendicular  to  the  fiber  direction.  Figure  3.37 
shows  the  reverse  role  of  the  fiber  direction  and  transverse  strains  in  the  90°  ply  as  compared  to  the 
10°  ply  (Fig.  3.35). 


Figure  3.35.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ± 10°  plies 
of  thick  [82/45/10]  cylinder  with  baseline-design  end  fitting,  297-K  properties. 
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Figure  3.36.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  +45°  plies 
of  thick  [82/45/10]  cylinder  with  baseline-design  end  fitting,  297-K  properties. 
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Figure  3.37.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ±82°  plies 
of  thick  [82/45/10]  cylinder  with  baseline-design  end  fitting,  297-K  properties. 
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Finally,  as  might  be  expected,  the  interlaminar  strains  for  the  [82/45/10]  laminate  with  room- 
temperature  properties  (Fig.  3.38)  are  considerably  greater  than  the  case  of  properties  evaluated  at 
4 K (Fig.  3.30)  or  the  [10]  cylinder  with  properties  evaluated  at  297  K.  Discounting  the  spike,  the 
interlaminar  shear  strain  at  the  outer  radius  is  about  30,000  microstrain,  a large  number.  Such  a large 
strain  could  lead  to  failure  of  the  cylinder  just  as  it  enters  the  end  cap. 
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Figure  3.38.  Interlaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  thick 
[82/45/10]  cylinder  with  baseline-design  end  fitting,  297-K  properties. 
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3.2.6  Strains  due  to  Lx)ad  and  Room-Temperature  Material  Properties  - 
Alternative-Design  End  Fitting 

The  effect  of  the  alternative  end  fitting  on  the  [82/45/10]  cylinder  under  axial  load  and  with 
room-temperature  material  properties,  as  it  has  been  throughout  the  discussion  (Figs.  3.39  through 
3.42)  is  to  simply  shift  the  strain  characteristics  in  the  axial  direction  an  amount  equal  to  the  length  of 
the  tapered  section.  In  light  of  this,  it  can  be  said  that  for  these  thick  cylinders,  the  taper  as  it  is 
designed  has  no  noticeable  effect  on  the  distribution  or  magnitude  of  the  strains. 


Figure  3.39.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ± 10°  plies 

of  thick  [82/45/10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 
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Figure  3.40.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ±45°  plies 

of  thick  [82/45/10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 
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Figure  3.41.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ±82°  plies 

of  thick  [82/45/10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 
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Figure  3.42.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  thick 
(82/45/10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 


3.3  Thinner  Cylinders 

The  strains  in  the  thinner  [10]  and  [82/45/10]  cylinders  are  practically  identical  to  the  strains 
in  the  thicker  cylinders  for  the  same  temperature  and  loading  conditions  and  the  same  end-fitting 
design.  As  a result,  there  is  no  need  to  specifically  discuss  those  results;  they  are  presented  in 
Appendix  C.  For  convenience  and  comparison  with  the  thicker  cylinders,  although  it  leads  to 
unorthodox  figure  numbering,  in  Appendix  C the  figure  numbers  for  the  various  strain  responses  for 
the  thinner  cylinder  are  identical  to  the  figure  numbers  for  the  thicker  cylinder  in  the  main  text, 
except  the  figures  numbers  are  preceded  by  a ‘C.’  For  example,  in  Appendix  C Figures  C.4  and  C.5 
illustrate  the  strain  response  due  to  a temperature  change  in  the  thinner  [10]  cylinder  with  the 
baseline-design  end  fitting.  Figures  3.4  and  3.5  have  shown  the  strain  response  due  to  a temperature 
change  in  the  thicker  [10]  cylinder  with  the  baseline-design  end  fitting. 
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4.  Conclusions 


The  results  presented  in  this  report  have  illustrated  several  important  features  of  the  strain 
response  of  axially  loaded  glass-epoxy  cylinders: 

1.  The  strain  levels  at  room  temperature  (297  K)  are  25%  higher  than  the  strain  response  at  4 K. 

2.  The  alternative-design  end  fitting  discussed  had  little,  if  any,  effect  on  the  strain,  both  in  terms  of 
the  character  of  the  response  and  the  magnitude  of  the  strain  levels, 

3.  The  strain-concentration  factors  for  the  fiber-direction  compressive  strains  in  the  outer  10°  plies 
ranged  from  1.3  to  1.4. 


5.  Possible  Future  Activities 

The  last  three  months  of  last  year’s  program  saw  a considerable  generation  of  data  from  the 
testing  of  a number  of  cylinders.  Because  these  tests  occurred  in  the  latter  part  of  the  program,  there 
was  not  time  to  correlate  measured  strains  with  numerical  predictions.  It  would  be  quite  useful  to 
continue  to  study  the  data  and  correlate  it  with  numerical  predictions  representing  these  latter  tests 
(e.g.,  on  the  pultruded  cylinders),  particularly  the  predictions  of  strains  near  the  end  fitting  and  par- 
ticularly tests  of  the  latter  lay-ups.  In  the  earlier  tests,  strains  from  the  end-fitting  location  were  not 
recorded  and  thus  were  not  available  for  comparison  with  the  numerical  predictions.  This  end-fitting 
region  is  a region  of  high  strain;  the  strain  concentration  factor  for  several  of  the  earlier  lay-ups  was 
predicted  to  be  between  1.3  and  1.5.  It  would  be  useful  to  focus  on  this  specific  area  of  all  the  cylin- 
ders that  have  been  tested  and  to  study  the  data  carefully. 
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7.  Appendixes 


Appendix  A.  Determination  of  Ply  Properties  from  Micromechanics 


When  the  material  properties  of  the  constituent  fiber  and  matrix  materials  are  known,  there 
are  a number  of  approaches  to  determining  the  material  properties  of  a ply  of  composite.  These 
approaches  can  be  divided  into  roughly  three  categories:  closed-form  elasticity,  strength-of-materials 
models,  and  numerical  models  based  on  a detailed  representation  of  the  geometry  of  the  microstruc- 
ture. Although  the  first  two  approaches  are  more  attractive  because  of  their  simplicity,  the  third 
approach  generally  gives  better  results.  In  fact,  for  the  so-called  transverse  properties,  numerical 
modeling  of  the  microstructure  is  preferred  because  oversimplifications  often  characterize  the  closed- 
form-elasticity  or  strength-of-materials  models.  This  oversimplification  often  leads  to  poor  correlation 
between  the  predicted  and  measured  properties. 

Here,  the  material  properties  of  a ply  of  glass-epoxy  at  room  temperature  and  at  4 K are 
computed  with  a combination  of  approaches.  Finite-element  representations  of  the  microstructure  will 
be  used  to  estimate  all  but  one  material  property.  A closed-form  elasticity  solution  will  be  used  to 
estimate  that  one  property.  Figure  A.l  illustrates  a ply  and  the  principal  material  coordinate  system 
generally  associated  with  a ply.  The  1 direction  is  the  fiber  direction,  2 is  transverse  to  the  fiber 
direction  in  the  plane  of  the  ply,  and  3 is  perpendicular  to  the  ply.  It  will  be  assumed  that  the  ply 
is  transversely  isotropic  in  the  2-3  plane.  With  this  a number  of  material  properties  are  equal, 
namely,  £3  = £3,  1^13  = i/j2,  and  a3  = a2,  the  latter  being  the  coefficients  of  thermal  expansion. 

If  thermal  dilatation,  e^,  is  used,  as  it  is  here,  then  - ^3- 

A study  of  the  cross  section  of  a ply  reveals  that  in  a well-made  composite  there  is  a regu- 
larity to  the  spacing  of  the  fibers.  One  idealization  to  the  spacing  is  the  square-packed  array  shown 
in  Figure  A. 2(a).  Another  idealization  to  the  spacing  is  the  hexagonal-packed  array,  as  shown  in  Fig- 
ure A. 2(b).  The  nomenclature  derives  from  the  fact  that  if  the  centers  of  adjacent  fibers  are  Joined 
with  lines,  squares  and  hexagons  result.  It  is  assumed  that  the  square  or  hexagonal  arrays  encompass 
large  areas  and  one  need  only  consider  a representative  region,  or  unit  cell,  to  be  able  to  represent 
the  response  of  the  entire  cross  section.  The  shaded  region  in  Figure  A. 3(a)  illustrates  a unit  cell  that 
can  be  associated  with  the  square-packing  arrangement,  and  the  shaded  regions  of  Figure  A. 3(b)  illus- 
trate unit  cells  associated  with  the  hexagonal  array.  Other  unit  cell  arrangements  can  be  associated 
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with  either  packing  array.  The  reduced  quarter-cell  rectangular  subregion  within  the  square  array,  as 
opposed  to  the  entire  unit  cell,  can  often  be  used  for  many  micromechanical  studies.  The  similar 
reduced  region  in  the  hexagonal  array  can  also  often  be  used  instead  of  the  entire  unit  cell.  An 
important  question  is:  Which  packing  array  should  be  used?  Here  for  some  properties,  both  will  be 
considered,  and  the  results  will  be  compared.  Strictly  speaking,  the  hexagonal  array  tends  to  be  more 
representative  of  the  packing  observed  within  a cross  section.  The  modeling  is  somewhat  more  com- 
plicated, so  it  will  be  interesting  to  compare  the  results  of  the  hexagonal  array  with  results  from  the 
simpler  square  array,  although  much  of  the  comparison  will  be  left  to  the  reader.  The  unit  cell 
approach  will  be  used  to  estimate  £|,  ^^2  (“  ^2  (~  ^3)*  *'23’  ^23  0^1  ’ “2  (“  *^3)’  o*"  alterna- 

tively, ej  (=  €3).  The  modulus  G|2  will  be  determined  by  an  elasticity  approach  that  does  not  use 
either  the  square-packed  or  hexagonally  packed  arrays.  For  determining  the  ply  properties,  the  glass- 
fiber  and  epoxy-matrix  properties  at  room  temperature  and  at  4 K are  given  in  Table  A.l.  As  can  be 
seen  from  the  table,  it  is  assumed  that  both  the  fiber  and  the  matrix  are  isotropic. 
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(a)  Square-packed  array. 
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(b)  Hexagonally  packed  array. 


Figure  A. 2 Cross-section  idealization. 
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Figure  A. 3.  Unit  cells. 


VIII-54 


Table  A.  1 . Constituent  properties. 


Room  Temperature  (297  K) 

glass  fiber: 

£ = 72.4  GPa  (10.5  Msi); 
a = 5.00  X 10-^/K  (2.78 

p = 0.2 

X 10-^/ °F) 

epoxy  matrix: 

3.23  GPa  (0.468  Msi);  v = 
a = 50.0  X 10-^/K  (27.8 

0.38 

X 10"^/ °F) 

4 K 

glass  fiber: 

£ = 79.3  GPa  (11.5  Msi); 
= -800  X 10-^ 

p = 0.2 

epoxy  matrix: 

£ = 8.26  GPa  (1.20  Msi); 
= -10000  X 10"^ 

p = 0.403 

To  obtain  numerical  results  from  the  unit-cell  models,  a finite-element  discretization  is  used. 
The  quarter  model  discretization  for  the  square-packed  array  is  shown  in  Figure  A. 4;  the  correspond- 
ing model  for  the  hexagonally  packed  array  is  given  in  Figure  A. 5.  The  finite-element  model  uses 
a generalized  plane  deformation  analysis,  an  analysis  which  assumes  that  the  strains,  and  through 
Hooke’s  Law,  the  stresses,  do  not  vary  with  the  1 direction.  Hence  the  unit-cell  cross  section  is  suf- 
ficient for  studying  the  response  since  it  represents  the  situation  anywhere  along  the  1 axis.  Actually, 
the  analysis  considers  the  unit  cell  to  be  bounded  in  the  1 direction  by  two  parallel  planes,  each  per- 
pendicular to  the  1 axis,  the  two  planes  being  a unit  distance  apart.  The  fiber  volume  fraction  (V^)  of 
the  unit  cell  is  controlled  by  what  elements  represent  fiber  and  what  elements  represent  matrix.  With 
the  finite-element  meshes  of  Figures  A. 4 and  A. 5,  changing  fiber  volume  fraction  is  quite  simple  and 
the  meshes  were  made  to  study  0.20,  0.40,  or  0.60  fiber  volume  fraction. 

To  determine  £j  and  j^|2,  a force  is  applied  in  the  axial  (1)  direction  to  move  the  two  bound- 
ing planes  apart.  The  force  to  move  the  planes  apart  and  the  ensuing  deformations  within  the  unit  cell 
are  used  to  determine  these  two  material  properties.  As  other  boundary  conditions  on  the  unit  cell 
when  this  force  is  applied  (referring  to  Figure  A. 6),  lines  OA  and  OC  are  considered  lines  of  sym- 
metry. Line  AB  can  displace  but  must  remain  straight  and  vertical,  while  line  BC  can  displace  but 
must  remain  straight  and  horizontal.  The  displacement  in  the  2 direction  of  line  AB  relative  to  the 
known  movement  in  the  1 direction  of  the  two  boundary  planes  defines  Poisson’s  ratio  i'^2- 
known  movement  apart  of  the  two  bounding  planes,  the  force  to  move  them,  and  the  cross-sectional 
area  OABC  defines  £].  With  a known  force  applied  in  the  1 direction,  the  square-array  unit-cell  cross 
section  deforms  as  shown  in  Figure  A. 7(a).  Similar  deformations  occur  with  the  hexagonal  unit  cell. 

To  determine  transverse  modulus  E2,  with  lines  OB  and  OC  being  lines  of  symmetry,  line 
AB  is  displaced  a known  amount  in  the  2 direction,  white  line  BC  is  allowed  to  move  but  must 
remain  straight  and  horizontal.  The  displacement  of  line  BC  relative  to  the  known  displacement  of 
line  AB  defines  Poisson’s  ratio  U2j.  The  force  to  move  line  AB  the  known  amount,  along  with  the 
known  displacement  and  the  dimensions  of  the  unit  cell,  provide  information  to  determine  £2-  As 
stated  above,  for  a transversely  isotropic  ply,  £3  equals  £3.  Figure  A. 7(b)  illustrates  the  transverse 
deformation  of  the  square-array  unit  cell. 
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(a)  Known  axial  force. 


(b)  Known  transverse  deformation. 


(c)  Known  temperature  change. 


(d)  Known  shear  deformation. 


Figure  A. 7.  Cross-sectional  deformations  of  unit  cell  resulting  from  known  conditions. 


The  thermal  dilatations  ef  and  eT  (=  £3)  are  determined  as  follows:  With  lines  OA  and  OC 
being  lines  of  symmetry,  as  each  constituent  is  given  the  thermal  dilatation  corresponding  to  a par- 
ticular temperature  change,  lines  AB  and  BC  are  required  to  remain  straight  and  parallel  to  their 
original  positions  (see  Figure  A. 6).  The  bounding  planes  perpendicular  to  the  1 direction  are  free  to 
move  but  must  remain  perpendicular  to  the  1 direction.  Thus,  the  distance  the  two  bounding  planes 
move  and  the  distance  line  AB  moves  can  be  used  to  determine  and  €2,  respectively,  for  the  ply. 

To  determine  the  ply  shear  transverse  modulus,  as  G23  is  often  referred  to,  the  quarter- 
symmetry  model  of  the  past  figures  cannot  be  used.  Another  quarter  model  can  be  used,  but  it  is  a 
model  of  antisymmetry.  Alternatively,  the  entire  unit-cell  model  can  be  used,  and  it  can  be  given  a 
known  shear  deformation,  as  shown  in  Figure  A. 6(d).  The  bounding  planes,  of  course,  are  free  to 
move  but  must  remain  planar.  The  forces  required  to  produce  the  shear  deformations,  along  with 
model  geometry,  can  be  used  to  determine  the  transverse  shear  modulus. 

Finally,  the  axial  shear  modulus  (C12,  as  it  is  sometimes  referred  to)  can  be  computed  using 
a technique  known  as  the  composite  cylinder  assemblage  (CCA).  By  using  CCA,  the  effective  moduli 
of  a composite  material  can  be  determined  through  the  requirement  that  a composite  cylinder,  consist- 
ing of  a single  fiber  of  radius  b in  an  annulus  of  matrix  of  outer  radius  c within  a composite  and  a 
similar  cylinder  of  an  equivalent  homogeneous  medium  must  have  the  same  average  stress  and  strain 
for  a given  loading.  For  an  applied  shear  strain  (712)  the  boundary  conditions  on  a composite  cylinder 
are 
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(A.l) 


Tp 

m,(5)  = ^ 

“2(«  = ^ 
UjiS)  = 0 


The  elasticity  solution  is  solved  using  a semi-inverse  method  in  which  the  displacements  in  both  the 
fiber  and  the  matrix  of  the  composite  cylinder  are  assumed  to  have  the  form 


M,  = <^(X2,X3) 


M2  = 


M3  = 0 


(A.2) 


The  fact  that  the  assumed  form  of  the  displacements  does  not  satisfy  the  boundary  conditions 
on  the  end  of  the  composite  cylinder  produces  insignificant  end  effects  in  a long  cylinder.  Using  the 
strain-displacement  relations,  the  stress-sirain  relations,  and  the  equilibrium  equations  leads  to  the 
governing  equation  for  </>,  which  for  isotropic  or  transversely  isotropic  constituents  is  the  LaPlace 
equation: 


V2(/,  = 0 . 


(A.3) 


Application  of  the  boundary  conditions  is  facilitated  by  writing  the  governing  equation  in  the 
cylindrical  coordinate  system.  This  leads  to  the  solution 


A 


m 


r + — 
r 


cos  6 


Ar,e)  - 


COS  6 


(A.4) 


in  the  matrix  and  fiber  respectively.  The  constants  A'”,  B"*,  a4  and  are  then  determined  by 
considering 

• finite  displacement  M|  at  the  center  of  the  fiber,  r = 0 

• continuity  of  Mj  at  the  fiber  matrix  interface,  r = b 

• continuity  of  traction  T,  at  the  fiber  matrix  interface,  r = b 

• the  applied  displacement  on  the  boundary  of  the  composite  cylinder,  r = c 


Once  the  constants  are  determined,  the  function  </>  is  completely  defined.  Then  examining  the 
tractions  at  r = c,  the  only  nonzero  traction  is  given  by 


7’, 


(c)  = 


dr 


(A.5) 


VIII-58 


For  the  equivalent  homogeneous  material,  the  traction  at  r = c is 


TjCc)  = Gi27i2  COS0  . (A. 6) 

Thus,  since  the  two  tractions  must  be  the  same,  the  effective  axial  shear  modulus  of  the  composite 
cylinder  consisting  of  transversely  isotropic  or  isotropic  phases  is  given  by 


^12 


(G„  * Gj)  * - G„) 

(G„  * G^)  - V'^CG^  - G^) 


(A.7) 


where  is  the  fiber  volume  fraction. 

Table  A.2  lists  the  room-temperature  properties  of  a ply  of  glass-epoxy  at  three  volume 
fractions  (V^)  as  computed  with  the  above-described  procedures.  The  coefficients  of  thermal  expan- 
sion are  given.  Table  A. 3 lists  the  properties  of  a ply  of  glass-epoxy  at  three  volume  fractions  for  a 
temperature  of  4 K.  Here,  the  thermal  dilatations  that  result  relative  to  room  temperature,  rather  than 
the  coefficients  of  thermal  expansion,  are  listed. 
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Table  A.2.  Material  properties  of  glass-epoxy  at  room  temperature  (297  K). 


Property 

yF 

= 0.20 

yP 

= 0.40 

yF 

= 0.60 

Square  Array 

, GPa  (Msi) 

17.0 

(2.47) 

31.0 

(4.49) 

44.8 

(6.49) 

E2,  GPa  (Msi) 

5.20 

(0.754) 

8.51 

(1.23) 

15.6 

(2.56) 

G23 , GPa  (Msi) 

1.26 

(0.183) 

2.59 

(0.244) 

2.83 

(0.411) 

^12 

0.338 

0.300 

0.262 

^23 

0.508 

0.431 

0.303 

aj,  ppm/K  (ppm/°F) 

12.3 

(6.83) 

8.19 

(4.55) 

6.61 

(3.67) 

Q!2,  ppm/K  (ppm/°F) 

50.3 

(28.0) 

38.3 

(21.3) 

25.9 

(14.4) 

Hexagonal  Array 

E^ , GPa  (Msi) 

17.1 

(2.48) 

30.9 

(4.48) 

44.8 

(6.50) 

E2,  GPa  (Msi) 

4.97 

(0.721) 

121 

(1.06) 

12.0 

(1.74) 

G23 , GPa  (Msi) 

did  not  compute 

did  not  compute 

did  not  compute 

vn 

0.338 

0.300 

0.264 

^23 

0.531 

0.513 

0.450 

Q!^ , ppm/K  (ppm/°F) 

12.3 

(6.81) 

8.19 

(4.55) 

6.54 

(3.64) 

a2,  ppm/K  (ppm/°F) 

50.2 

(27.9) 

38.4 

(21.4) 

26.6 

(14.8) 

Theory  of  Elasticity 

Gi2,  GPa  (Msi) 

1.70 

(0.247) 

2.56 

(0.369) 

4.10 

(0.595) 
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Table  A. 3.  Material  properties  of  glass-epoxy  at  4 K. 


Property 

= 

= 0.20 

yP  = 

= 0.40 

II 

0.60 

Square  Array 

, GPa  (Msi) 

22.5 

(3.26) 

36.8 

(5.34) 

51.0 

(7.40) 

E2 , GPa  (Msi) 

12.7 

(1.84) 

19.8 

(2.86) 

31.8 

(4.62) 

G23 , GPa  (Msi) 

3.08 

(0.48) 

3.94 

(0.57) 

6.16 

(0.89) 

*"12 

0.358 

0.315 

0.274 

^23 

0.504 

0.446 

0.341 

€2  , ppm/K  (ppm/°F) 

-3710 

X 10"^ 

-2220 

X 10'^ 

-1550 

X 10"^ 

T* 

, ppm/K  (ppm/°F) 

-9820 

X 10-^ 

-7690 

X 10-^ 

-5280 

X 10"^ 

Hexagonal  Array 

£1 , GPa  (Msi) 

22.5 

(3.27) 

36.8 

(5.33) 

51.0 

(7.40) 

£2 » GPa  (Msi) 

12.2 

(1.77) 

17.3 

(2.50) 

26.3 

(3.82) 

G23 , GPa  (Msi) 

did  not  compute 

did  not  compute 

did  not  compute 

^12 

0.358 

0.316 

0.275 

^23 

0.524 

0.515 

0.451 

T* 

Cj  , ppm/K  (ppm/°F) 

-3700  X 10-^ 

-2220  X 10-^ 

-1520  X 10-^ 

T* 

62  , ppm/K  (ppm/°F) 

-9820  X 10"^ 

-7700  X 10"^ 

-5360  X 10"^ 

Theory  of  Elasticity 

Gy2  , GPa  (Msi) 

4.12 

(0.598) 

5.91 

(0.857) 

8.83 

(1.28) 

^Relative  to  room  temperature  (297  K) 
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Appendix  B.  Equivalent  Laminate  Properties 


Although  it  is  theoretically  possible  to  model  an  unlimited  number  of  layers,  say  1000 
layers,  in  a laminate,  it  may  not  always  be  within  the  computational  capacity  that  is  available. 
Lumping  or  smearing  the  layers  into  a single,  equivalent,  thicker  layer  may  be  required  if 
numerical  results  are  to  be  obtained.  Thus,  a smearing  scheme  must  be  developed.  There  are 
a number  of  approaches  for  determining  smeared  properties.  This  appendix  focuses  on  one 
approach. 

The  goal  of  smearing  the  elastic  properties  is  to  determine  the  effective  moduli  and 
Poisson’s  ratios  that  can  be  used  to  analyze  a thick,  multilayer  cylinder  as  a thick,  single  layer. 
Specifically,  Young’s  moduli  in  the  axial,  circumferential,  radial  directions,  and  E^,  and 

Poisson’s  ratios  and  are  needed.  As  a check,  and  can  be  computed  and 

compared  with  the  values  obtained  using  the  well-known  relation  between  moduli  and  Poisson’s 
ratios: 


1 

E; 


i,  j = X,  d,  r . 


(B.l) 


In  addition,  the  three  shear  moduli  and  are  needed.  For  problems  involving  thermal 

effects,  the  coefficients  of  thermal  expansion  in  the  x,  6,  and  r directions,  o!^,  and  ct^  are 
needed. 


When  constructing  models  for  determining  equivalent  properties,  it  is  most  straightforward 
to  keep  in  mind  the  definitions  of  the  individual  properties.  For  example,  the  definitions  of  E^,  v^, 
and  require  that  the  laminate  be  subjected  to  a simple  tensile  stress  in  the  axial  direction  and 
the  extension  in  the  axial  direction,  and  contractions  in  the  circumferential  and  radial  directions  be 
determined.  To  determine  £^,  v^,  and  v^,  a laminate  is  subjected  to  simple  tension  in  the  radial 
direction  and  that  the  extension  in  that  direction  and  the  contractions  in  the  axial  and  circumfer- 
ential directions  must  be  determined.  For  modeling  purposes,  these  simple  loads  are  applied  wi±in 
the  context  of  assumptions  regarding  laminate-deformation  response.  In  this  work,  the  primary 
kinematic  assumption  is  that  straight  lines  normal  to  the  layers  before  deformation  remain  straight 
and  normal  after  deformation.  Although  similar  to  the  Kirchhoff  hypothesis,  it  will  be  assumed 
that  the  length  of  these  normals  can  change.  In  what  follows,  use  will  be  made  of  an  element,  or 
cube,  of  thickness  t cut  from  a thick,  multilayer  cylinder.  Such  a cube  is  shown  in  Figure  B.l. 
Despite  the  fact  a cylinder  is  described  by  polar  coordinates,  for  the  sake  of  simplicity  the  unde- 
formed element  is  shown  as  a cube  instead  of  the  usual  cylindrical  volume  element.  To  keep  in 
mind  that  it  is  actually  a cylindrical  element,  the  y axis  is  denoted  as  6.  The  use  of  a cube  is  of 
no  consequence  in  the  results  to  follow. 
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Figure  B.l.  Cubic  element  cut  from  thick  laminate. 


Determination  of  Equivalent  of  and  p^ 

To  compute  the  equivalent  properties  E^,  v^,  and  v^,  the  so-called  out-of-plane  properties, 
assume  an  element  of  the  laminate  is  subjected  to  a known  stress  a^.  This  is  shown  in  Figure  B.2. 


Due  to  the  assumption  of  the  normals  remaining  straight,  the  corners  of  the  cube  remain 
orthogonal  when  a is  applied.  The  cube  elongates  in  the  r direction  and  contracts  in  the  ;c  and  B 
directions.  Because  the  normals  are  assumed  to  remain  straight,  the  contraction  strains  in  thejc  and  B 
directions  are  independent  of  thickness.  Call  these  strains  and  e®.  If  several  layers  in  the  cube  are 
oriented  at  an  angle  other  than  0°  or  90°,  then  there  might  be  an  over  change  in  the  orthogonal 
corners  in  the  x-B  plane.  Call  this  angle  change  7®^.  Here  we  shall  assume  the  laminate  is  balanced  so 
there  is  no  change  in  the  right  angles  in  the  x-B  plane,  that  is,  7®^  = 0.  With  these  considerations,  the 
stress-strain  relation  for  a single  layer  is 


^ 0 
= C\\^x 

°e  ~ ^\2^x 

~ ^13^x 


+ 

^ 0 
* ^22^e 
^ 0 
^23^0  ^ 


^I3^r 

^33^r 


^161x0 

^26yx0 

^36yx0 


(B.2) 


I 

where,  despite  7®^  being  zero,  it  is  included  in  the  appropriate  way  as  a reminder  of  the  assumption 
j that  it  is  assumed  to  be  zero.  In  the  above,  the  C^j  are  the  transformed  stiffnesses  of  the  layer  in  the 
x-B-r  coordinate  system.  Owing  to  the  thinness  of  a layer,  it  is  assumed  that  within  each  layer  the 
^ radial  strain  is  independent  of  z.  However,  can  vary  from  layer  to  layer.  Solving  the  third  of 
Equation  B.2  for  leads  to 

i 
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0 
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^3 
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^33 
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yxfi 


(B.3) 


Substituting  this  into  the  other  two  of  Equation  B.2,  and  now  setting  to  zero,  yields 
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C,2  - 


13 
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'^33 
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^13^3 


'33 


r 

^2  ■ -pr- 


'33 


Redefining  the  stiffness  terms  results  in 


= ^ii^x 

^ Q\2^x  Qii^e  * Qii^r 
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^13 

* 

C33 

0 

^3 

^ * 

^33 

(B.4) 


(B.5) 
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Recall  that  the  element  considered  'e  is  being  subjected  to  a known  value  of  a^.  Owing  to  the 
requirement  of  continuity  of  this  component  of  stress  at  each  layer  interface,  and  to  the  fact  that 
is  assumed  to  be  independent  of  z within  each  layer,  is  independent  of  z and  is  the  same  in  each 
layer.  Furthermore,  there  is  no  net  stress  resultant  in  either  the  jc  or  0 directions.  This  latter  fact  is 


useful  if  the  above  equations  are  integrated  through  the  thickness  of  the  element  to  yield 

II 
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II 

t 

j_l  Cm* 
0 
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f3  012* 
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2 

(B.6) 
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1 ~ Qii^^ 
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0 

^0 

t 

2 

t,  again,  being  the  thickness  of  the  element.  The  above  integrations  are  possible  because  e°,  e®,  and 
are  independent  of  z.  Setting  and  Nq  to  zero  yields  a relation  for  e®  and  e®,  namely 


= 


0 

€/)  - 


Or  = A^r^r 


Or  - AgrOr 


(B.7) 


In  the  above 


■^ij  = f - E cf'* 

■’  k=\ 


(B.8) 


being  the  thickness  of  the  layer,  there  being  N layers  in  the  element  of  Figure  B.2. 


With  Or,  and  e®  known,  the  radial  strain  for  the  layer  can  be  determined  from 
Equation  B.3; 


'-13 

0 

' Mk) 

L.33 

'-33 

f^(k) 

'-33 

0 


(B.9) 


The  thickness  change  of  the  layer  is 


(B.IO) 


and  the  total  thickness  change  of  the  element  is 
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(B.ll) 


N 

At-Y: 

k=\ 


Ati 


The  average  radial  strain,  e®,  is  given  by 
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N 


E E 


0 At  k=\ 


k=l 


(B.12) 


With  this  loading,  the  definition  of  Young’s  modulus  in  the  radial  direction  follows  directly,  namely. 
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(B.13) 


Equations  B.7  through  B.12  were  used  to  arrive  at  Equation  B.13.  Also,  by  definition,  the  two 
Poisson’s  ratios  become 
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(B.14) 


Determination  Equivalent  of  Eq,  and  P0^ 


If  and  are  reinterpreted  in  terms  of  an  average  stress  and  a®  and  only  stresses  in  the 
X or  0 directions  are  applied,  that  is,  o = 0,  then  Equation  B.6  takes  the  form 


^x  = o:t  = A,,e: 

Afl  - Oat  - Ai'ti^ 


4 0 

i 0 


(B.15) 
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With  pi  0 and  a°  = 0,  these  expressions  lead  directly  to  the  definition  of  Young’s  modulus  in  the 
X direction  and  a Poisson’s  ratio.  These  definitions  are 


= — 
^ 0 


A22t 


= - - = 


‘12 


(B.16) 


Conversely,  with  = 0 and  a®  pi  0, 


a ^11^^22 
^0  = — =■ 
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^x  ^^12 
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(B.17) 


For  the  case  of  pi  0 and  a®  = 0,  the  radial  strain  in  the  layer  is  given  by  Equation  B.3  as 
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■^(k) 

'33 


(B.18) 


The  total  thickness  change  of  the  element,  due  to  a®,  is 


N 


A'  = E • 

k=\ 


(B.19) 


The  average  radial  strain  for  this  situation,  e°,  is 


Then  by  definition 
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(k)i 
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(B.20) 
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For  the  case  of  = 0 and  ^ 0,  can  be  determined  and  is  given  by 
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(B.22) 


Determination  of  Equivalent  G^,  G^, 


To  compute  the  equivalent  shear  modulus  G^^.,  consider  the  cube  in  Figure  B.l  with  shear 
stresses  applied.  This  is  shown  in  Figure  B.3,  the  shear  stresses  ^xz  applied  at  the  outer- 

most layers  and  on  the  faces  through  the  thickness  of  the  element.  Because  each  layer  is  in  equili- 
brium, the  shear  stresses  in  the  layer  are 

(B.23) 
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^0z 

/)  = 
xz 


iL 


Z 


Figure  B.3.  Element  subject  to  shear  stresses. 
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(B.24) 


The  strain-stress  relation  for  the  layer  is 


(k)  _ ^(k)  Jk)  (k)  Jk) 
- *^44  *^45  ^XZ 


(k)  ^ „(k)  Jk) 
yxz  *^45  ^dz 


c(k)  Jk) 
^55  ^xz 


where  S^,  S^,  and  are  the  transformed  compliances  for  the  layer  and  7^^  and  are  the 
shear  strains  in  the  k'^  layer.  Examining  the  shear  deformations  of  the  k^^  layer,  from  geometry 


(B.25) 


where,  as  observed  in  exaggerated  form  in  Figure  B.4,  is  the  displacement  in  the  x direction  of 
the  upper  surface  of  the  k^^  layer  relative  to  the  bottom  surface.  With  a similar  definition  in  the  y 
direction. 


= yfz  h 


(B.26) 


With  several  layers  stacked  upon  one  another,  as  in  Figure  B.5,  the  displacement  in  the  x direction  of 
the  top  surface  of  the  cubic  element  in  Figure  B.3  relative  to  the  bottom  surface  is 
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(B.27) 


Likewise, 


N 

= E 

*=1 


Sk) 


N 

E 
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yez  ^k 


(B.28) 


Figure  B.4.  Deformation  of  k^^  layer  due  to  t^. 
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Figure  B.5.  Deformations  of  several  layers  due  to  r 


xz. 


The  overall  shear  strains  in  the  cube  are  defined  to  be 

A, 


0 -X 

^xz  = — 


0 


and  = 


(B.29) 


or 


T ^ ^6z 
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0 _ 1 (^)  ♦ 
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^ ^ = 1 


(B.30) 


Using  Equation  B.24  in  Equation  B.30, 
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(B.31) 
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By  virtue  of  Equation  B.23 
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But  for  a balanced  laminate, 
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(B.32) 


(B.33) 


so 


'^dz  '^xz  ~ ^55  '^xz 


(B.34) 


with  the  smeared  compliances  *^44  and  *^55  defined  as 


*^44  ■ T 51  *^44^  h “^55  " T 5Z 


i=l 


^ k=\ 


(B.35) 


Inverting  these  relations,  the  smeared  shear  moduli  are 


Gze  = S and  G^  = ^ 


J44 


’55 


(B.36) 


Determination  of  Equivalent  ^xe 

For  a layer  subjected  to  Just  a shear  stress  t^,  the  stress-strain  relation  is 
^xB  " ^16  ^x  ^6  ^36  ^66  ^xe  • 


(B.37) 


When  the  layer  is  part  of  the  cubic  element,  the  sides  of  the  element  remaining  straight,  the 
stress-strain  relation  for  a layer  becomes 


'^xO  ~ ^16  ^36  ^6  xd  ■ 


(B.38) 
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For  an  in-plane  shear  loading  of  the  cube  of  Figure  B.l,  it  is  safe  to  say  as  a good  approximation 

(B.39) 


ff,  = 0 


Using  this  in  the  3*^  of  Equation  B.l,  solving  for  and  substituting  into  Equation  B.38  results  in 

^3^36 
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’’’xO  ~ Qi6  ^x  ^326  ^66  • 


(B.40) 


(B.41) 


The  Q 5 being  the  redefined,  namely  reduced,  stiffnesses.  Integrating  through  the  thickness,  the 
average  shear  stress  is  given  by 


0 1 
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From  Equation  B.41 
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For  balanced  laminate,  the  first  two  integrals  are  zero,  resulting  in 

I I G66* 


-^xe  = 


0 

yxe 


(B.44) 


(B.45) 
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Thus,  the  equivalent  in-plane  shear  modulus  is 


where 
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66  ~ 


266  * • 


(B.46) 


(B,47) 


Determination  of  Equivalent  Coefficients  of  Thermal  Expansion  a°  and  a| 


For  a layer  that  is  part  of  the  cube  of  Figure  B.l,  if  thermal  expansion  effects  are  important, 
the  stress-strain  relation  for  a layer,  for  example,  B.2,  becomes 
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(B.48) 


C33  AT)  + C36  ( 7°^  ” cCxd  ) , 


where  the  quantities  a^,  a^,  <x^,  and  are  the  transformed  coefficients  of  thermal  expansion  for  the 
layer.  (Alternatively,  the  aATs  can  be  interpreted  as  dilatation  due  to  thermal  effects.)  For  a 
temperature  change  within  the  cube,  though  and  will  not  be  zero,  can  be  approximated  as 
zero.  Thus,  using  the  third  of  Equation  B.48  in  the  first  two  and  using  the  definitions  of  the  0 s 
previously  introduced.  Equation  B.48  becomes 

= Qu  [4  - 0,2  ( + 0,^ 

°0  = Q\2  ^ Q22  ( Q26 


( Txe  ^xB  (B.49) 

( 7^  - at)  . 
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As  in  Equation  B.6,  integrating  through  the  thickness  and  making  use  of  the  fact  that  the  laminate  is 
balanced 


where 


N.  = 4 - nJ'  at 
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(B.50) 
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^12  ^x  ^ Q22  ^26  ^xe)  • 

These  quantities  are  strictly  material  properties  but  are  defined  as  equivalent  unit  thermal  stress 
resultants.  For  a particular  temperature  change  and  no  applied  loads  = 0),  the  laminate 

coefficients  of  thermal  expansion  in  the  jc  and  6 directions,  a®  and  a^,  are  defined  as 
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(B.52) 


or 
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(B.53) 


Determination  of  Equivalent  Through-the-thickness  Coefficient  of 
Thermal  Expansion 


To  determine  the  equivalent  through-the-thickness  thermal-expansion  coefficient,  consider 
again  the  cube  of  Figure  B.  1 subjected  to  a temperature  change.  Using  the  fact  that  only  balanced 
laminates  are  being  considered,  that  for  a temperature  change  can  be  approximated  as  zero,  and 
Equation  B.52,  the  third  of  Equation  B.48  yields,  for  a layer. 
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Assuming  is  constant  within  a given  layer,  the  change  in  thickness  of  the  layer,  due  to  tem- 
perature change  AT,  is 
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(B.55) 


Ar 


(k)  ^ (k)  jk) 

* 


where  it  is  clear  the  thickness  strain  is  a function  of  the  particular  layer,  that  is. 
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(B.57) 


Defining  the  through  the  thickness  coefficient  of  thermal  expansion  a to  be 
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(B.59) 


With  the  material  properties  of  each  layer  defined  in  the  x-6-r  coordinate  system,  and 
knowing  the  thickness  of  each  layer,  the  equivalent  single  thick-layer  properties  can  be  computed 
using  the  above  approach. 
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Appendix  C.  Strain  Response  for  Thinner  Laminates 


This  appendix  contains  the  strains  as  a function  of  axial  distance  from  the  end  of  the  cylinder 
for  the  thinner  laminate.  The  figure  numbers  for  the  particular  temperature,  load  condition,  and 
laminate  coincide  with  the  corresponding-figure  numbers  in  the  main  text,  except  for  being  preceded 
by  a ‘C.’ 
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Figure  C.4.  Intralaminar  strains  due  to  a temperature  change  of  -294  K 
in  thin  (10]  cylinder  with  a baseline-design  end  fitting. 
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Figure  C.5.  Interlaminar  strains  due  to  a temperature  change  of  -294  K 
in  thin  [10]  cylinder  with  baseline-design  end  fitting. 
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Figure  C.7.  Intralaminar  strains  due  to  a temperature  change  of  -294  K 
in  thin  [10]  cylinder  with  alternative-design  end  fitting. 
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Figure  C.8.  Interlaminar  strains  due  to  a temperature  change  of  -294  K 
in  thin  [10]  cylinder  with  alternative-design  end  fitting. 
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Figure  C.IO.  Intralaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thin 
[10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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Figure  C.l  1.  Interlaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thin 
[10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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Figure  C.13.  Intralaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thin 
[10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 
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Figure  C.14.  Interlaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thin 
[10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 
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Figure  C.15.  Intralaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thin 
[10]  cylinder  with  baseline-design  end  fitting,  297-K  properties. 
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Figure  C.16.  Interlaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thin 
[10]  cylinder  with  baseline-design  end  fitting,  297-K  properties. 
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Figure  C.17.  Intralaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thin 
[10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 
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Figure  C.18.  Interlaminar  strains  due  to  applied  axial  stress  of  -689  MPa  in  thin 
[10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 
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Figure  C.19.  Intralaminar  strains  due  to  a temperature  change  of  -294  K in  ± 10°  plies 
of  thin  [82/45/10]  cylinder  with  baseline-design  end  fitting. 
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Figure  C.20.  Intralaminar  strains  due  to  a temperature  change  of  -294  K in  +45°  plies 
of  thin  [82/45/10]  cylinder  with  baseline-design  end  fitting. 
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Figure  C.21. 
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Intralaminar  strains  due  to  a temperature  change  of  -294  K in  +82°  plies 
of  thin  [82/45/10]  cylinder  with  baseline-design  end  fitting. 
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Figure  C.22.  Interlaminar  strains  due  to  a temperature  change  of  -294  K in  thin 
[82/45/10]  cylinder  with  baseline-design  end  fitting. 
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Figure  C.23. 
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Intralaminar  strains  due  to  a temperature  change  of  -294  K in  ± 10°  plies 
of  thin  [82/45/10]  cylinder  with  alternative-design  end  fitting. 
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Figure  C.24. 
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Intralaminar  strains  due  to  a temperature  change  of  -294  K in  ±45°  plies 
of  thin  [82/45/20]  cylinder  with  alternative-design  end  fitting. 
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Figure  C.25. 
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Intralaminar  strains  due  to  a temperature  change  of  -294  K in  ±82°  plies 
of  thin  [82/45/20]  cylinder  with  alternative-design  end  fitting. 
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Figure  C.26.  Interlaminar  strains  due  to  a temperature  change  of  -294  K in  thin 
[82/45/10]  cylinder  with  alternative-design  end  fitting. 
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Figure  C.27.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ± 10°  plies 
of  thin  [82/45/10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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Figure  C.28.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  +45°  plies 
of  thin  [82/45/10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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Figure  C.29. 
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Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ±82°  plies 
of  thin  [82/45/10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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Figure  C.30.  Interlaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  thin 
[82/45/10]  cylinder  with  baseline-design  end  fitting,  4-K  properties. 
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Figure  C.31.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  + 10°  plies 
of  thin  [82/45/10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 
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Figure  C.32.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  +45°  plies 
of  thin  [82/45/10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 
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Figure  C.33.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ±82°  plies 
of  thin  [82/45/10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 
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Figure  C.34.  Interlaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  thin 
(82/45/10]  cylinder  with  alternative-design  end  fitting,  4-K  properties. 


VIII- 103 


t/5 

"H. 

o 

O 

c 
u 


c/3 

D 


c/3 


o 

O 


fN 


Distance,  x ( mm) 


Figure  C.35.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ± 10°  plies 
of  thin  [82/45/10]  cylinder  with  baseline-design  end  fitting,  297-K  properties. 


VIII- 104 


Y,2  in  45°  plies  in  45°  plies  in  45°  plies 


Figure  C.36.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  +45°  plies 
of  thin  [82/45/10]  cylinder  with  baseline-design  end  fitting,  297-K  properties. 
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Figure  C.37.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  +82°  plies 
of  thin  [82/45/ lOJ  cylinder  with  baseline-design  end  fitting,  297-K  properties. 
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Figure  C.38.  Interlaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  thin 
[82/45/10]  cylinder  with  baseline-design  end  fitting,  297-K  properties. 


VIII- 107 


Yj2  in  10°  plies  in  10°  plies  Ej  in  10°  plies 


Figure  C.39.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  ± 10°  plies 

of  thin  [82/45/10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 
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Figure  C.40.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  +45°  plies 

of  thin  [82/45/10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 
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Figure  C.41.  Intralaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  +82°  plies 

of  thin  [82/45/10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 
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Figure  C.42.  Interlaminar  strains  due  to  an  applied  axial  stress  of  -689  MPa  in  thin 

[82/45/10]  cylinder  with  alternative-design  end  fitting,  297-K  properties. 
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IX.  Failure  and  Design  for  SMES  Fiberglass  Tubes 
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Marc  Regelbnigge 
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1 . Introduction 

Subscale  fiberglass  tubes  were  studied  to  gain  insight  into  their  modes  of  failure  under  com- 
pression and  their  compressive  strength  and  to  develop  an  engineering  basis  for  design  of  full-scale 
SMES  support  tubes.  The  database  gathered  through  subscale  tube  tests  at  the  National  Institute  of 
Standards  and  Technology  (NIST)  was  used  as  the  source  of  data  describing  both  failure  modes  and 
engineering  properties  of  the  candidate  fiberglass  materials.  All  the  tubes  in  this  study  were  produced 
by  filament  winding  and  1100  TEX  (450  yd/lb),  continuous-strand  E-glass.  The  tube  types  referred  to 
in  this  section  are  distinguished  in  Table  1.1.  Additional  information  regarding  construction  and 
micrographs  of  the  tube  cross  sections  are  given  in  §VI.8,  pages  VI-46  through  VI-54. 


Table  1.1.  Description  of  tube  types. 


Tube 

Type 

Manu- 

facturer 

Lay-up 

Resin 

Wall 

Thickness 

(mm) 

Fiber 

Volume 

Fraction 

Void 

Volume 

Fraction 

1 

A 

[±10]n 

DGEBA/DCH/ARA/ACL 

10.2 

0.56 

0.023 

2 

A 

[±10]n 

DGEBA/DCH/ARA/ACL 

5.1 

0.53 

0.018 

3 

A 

[82/±45/±iqj/±45/822/ 
±45/ ±103/ ±45/82] 

DGEBA/DCH/ARA/ACL 

10.2 

0.54 

0.017 

4 

A 

[82/±45/±103/±45/82] 

DGEBA/DCH/ARA/ACL 

5.1 

0.52 

0.005 

5 

A 

[82/ ±10^/82/ ±103/82/ 

± IO3/82] 

DGEBA/DCH/ARA/ACL 

10.2 

0.609 

<0.005 

6 

A 

[82/ ±103/82/ ±103/82] 

DGEBA/DCH/ARA/ACL 

5.1 

0.64 

<0.005 

7 

6 

[82/ ±92/82/ ±92/82/ ±92/ 
82/ ±92/82] 

DGEBA/ARA/DTA 

10.2 

0.49 

0.071 

9 

B 

[82/ ±92/82/ ±92/82/ ±92/ 
82/ ±92/82] 

VE-EL/MEKP 

10.2 

0.55 

0.030 

The  failure-mode  study  consisted  of  qualitative  photomicrographic  examinations  of  failed  tube 
specimens  and  a quantitative  assessment  of  tube  failure-strain  characteristics.  Methods  were  developed 
and  applied  to  extract  material-level  elastic  properties  and  strain-to-failure  limits  from  NIST  data 
taken  from  subscale  tube  compression  tests.  These  properties  and  strain  limits  were  used  in  design 
studies  to  indicate  the  best  tube  winding  parameters  for  maximizing  strength  with  minimal  cross- 
sectional  area. 
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The  results  of  these  studies  are  presented  in  the  following  sections,  along  with  some  dis- 
cussion of  key  design  aspects  for  development  of  full-scale  SMES  fiberglass  support  tubes.  The 
photomicrographic  study  of  failure  modes  is  presented  first,  followed  by  the  extraction  of  material 
properties  and  failure  strains  from  tube  test  data.  Design  studies  based  on  the  extracted  material 
properties  are  then  described.  Key  results  from  these  studies  include: 


1.  Significant  nonuniformities  and  irregularities  in  layer  thickness  and  distribution  are  evident  in 
the  construction  of  the  subscale,  filament- wound  compression  tubes.  These  nonuniformities  most 
likely  contribute,  in  large  measure,  to  the  observed  scatter  in  failure  stress  and  strain  data.  SMES 
tubes  will  have  to  be  designed  by  considering  the  deleterious  and  nondeterministic  effects  of  non- 
uniform  construction. 

2.  Transverse  and  shearing  strain  limits  at  the  material-layer  level  can  be  identified  from  tube  test 
data.  These  limits  provide  lower-bound  strength  estimates  useful  for  appropriately  conservative 
design  of  full-scale  tubes.  However,  given  the  construction  irregularities  noted  above,  some 
screening  procedure  will  probably  be  required  to  ensure  adequate  performance  of  each  tube  in 
service. 

3.  A best-fit  procedure  for  estimating  transversely  isotropic  layer  elastic  properties  from  test  data 
was  developed  and  applied  with  some  success  to  subscale  tube  test  data.  This  methodology  may 
prove  useful  in  screening  full-scale  tube  specimens  for  certain  kinds  of  irregularities  (e.g.,  missing 
layers). 

4.  Both  fiber-  and  transverse-direction  strains  (shear  and  tension)  contribute  to  failure  of  subscale 
tubes.  Fiber  dominance  can  be  enhanced  by  the  addition  of  a relatively  small  number  of  hoop- 
wound  layers.  Use  of  intermediate-angle  (e.g.,  30-60°  off-axis)  layers  provides  some  benefit  only 
over  a small  range  of  failure-strain  envelopes,  when  transverse  and  shear-strain  capabilities  are 
assumed  to  be  high. 

Although  the  results  and  projections  of  these  studies  provide  some  engineering  basis  for 
design  of  full-scale  SMES  tubes,  the  practical  issues  associated  with  irregularities  in  the  mass  pro- 
duction of  such  tubes  will  tend  to  dominate  both  their  design  and  performance.  As  such,  the  discus- 
sions that  follow  should  be  reviewed  primarily  for  the  qualitative  assessment  of  failure  mechanisms 
and  their  effect  on  tube  design,  rather  than  as  a quantitative  derivation  of  design  parameters  for  future 
SMES  tubes. 


2.  Photomicrographic  Failure  Analysis 

Scanning-electron  and  optical  (metallographic)  micrographs  were  taken  from  sections  of  three 
failed  tube  specimens  (types  2,  3,  and  5).  The  examinations  were  intended  to  identify  key  features  of 
the  failure  modes  of  these  tubes,  to  assess  the  quality  of  matrix-fiber  interface  bonding,  and  to 
examine  internal  crack-propagation  paths. 

To  provide  a coherent  photographic  record,  the  actual  micrographs  are  presented  in  Appen- 
dix A (§IX.8)  with  observations  and  commentary  for  each  photograph  on  the  same  page  as  the  photo. 
Review  of  this  material  will  assist  in  developing  a comprehensive  view  of  the  character  of  the 
micromechanical  fracture  behavior  of  these  tubes.  The  observations  presented  below  summarize  the 
results  of  the  micrographic  examinations: 
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1.  All  specimens  show  considerable  variation  (in  excess  of  100%)  in  layer  thicknesses,  with  some 
layers  dropping  off  altogether  in  certain  regions. 

2.  Considerable  variation  in  fiber  volume  fraction  is  also  evident  among  different  regions  of  the 
same  specimen.  This  variation  is  particularly  pronounced  in  the  angled  layers  (±45°  and  82°), 
where  matrix-rich  regions  abound. 

3.  Electron  micrographs  show  considerable  variation  in  failure-surface  morphology  and  in  the  degree 
of  fiber-matrix  adhesion  depending  on  local  matrix  volume  fraction.  Matrix  disbonds  from  fibers 
usually  occur  over  small  fractions  (less  than  25%)  of  the  fiber’s  lateral  surface.  This  is  typical  of 
matrix  failure  due  to  transverse  tension  or  shear. 

4.  All  specimens  exhibit  transverse  cracks  (i.e.,  cracks  normal  to  the  fiber  direction)  in  the  ± 10° 
layers.  These  transverse  cracks  run  primarily  in  a radial  direction  when  viewed  in  micrographs 
taken  of  the  tube  cross  sections,  and  they  propagate  between  fiber  edges  through  regions  with  the 
highest  fiber  volume  fractions  (matrix  stress  concentrations  caused  by  fiber-matrix  load  transfer 
are  most  severe  in  regions  with  relatively  high  fiber  content). 

5.  Transverse  cracks  usually  run  through  the  entire  thickness  of  contiguous  10°  layers.  Their 
behavior  at  interfaces  with  layers  oriented  at  other  angles  (notably  ±45°  and  82°)  varies  among 
specimen  types,  although  the  cracks  generally  do  not  propagate  readily  through  the  hoop-wound 
(82°)  layers. 

6.  Specimens  of  tube  type  3 (lay-up  [82/±45/±  103]^  show  considerable  delamination  near  the 
failure  region.  The  delamination  occurs  primarily  at  interfaces  between  45°  and  10°  layers, 
although  some  delaminations  between  10°  layers  and  between  45°  and  82°  layers  are  evident 
as  well.  The  delamination  growth  is  associated  with  transverse  cracking  in  the  45°  layers. 

7.  Specimens  of  tube  types  2 and  3 show  very  high  void  content.  Voids  are  distributed  fairly  evenly 
throughout  the  specimens  examined,  and  they  seem  to  be  associated  with  propagation,  initiation, 
or  termination  of  some  transverse  cracks.  However,  transverse  cracks  propagate  more  often  than 
not  through  void-free  regions,  because  these  regions  are  typically  associated  with  the  lowest 
matrix  volume  fraction  and  highest  matrix  transverse-stress  concentrations. 

From  these  observations,  several  characteristic  aspects  of  the  failure  of  the  fiberglass 
compression  tubes  can  be  inferred:  Most  notably,  the  general  failure  of  the  ± 10°  dominated  tubes 
appears  to  follow  cracks  forming  transverse  to  the  fibers  throughout  the  tube,  not  just  in  the  final 
failure  region.  These  cracks  may  be  caused  by  transverse  tension,  shear  stresses,  or  both  in  the  10° 
layers.  Also,  regularly  spaced  transverse  cracks  were  observed  in  the  outer  82°  layers  of  the  cold- 
tested  [±103/82]  tube.  These  cracks  are  visible  even  in  unmagnified  examinations  of  the  tube’s  outer 
surface.  Their  regular  spacing  hints  that  they  are  caused  by  differential  thermal  contractions  between 
the  surface  82°  layer  and  underlying  10°  layers. 


3.  Analysis  of  Failure  Strain  Data 

Midsection  strain-gage  readings  at  tube  failure  were  collected  from  Reference  3.1  for  all 
specimens  listed  in  Table  3.1.  Strain  data  collected  from  gages  at  the  ends  of  the  tubes  were  not  used 
because  the  circumferential  restraint  of  the  end  caps  caused  considerably  lower  hoop  strains  to  be 
measured  there  than  in  the  tube  test  sections.  Table  3.2  lists  the  maximum,  minimum,  and  average 
values  for  the  axial  and  hoop  strains  measured  for  each  tube  tested  and  reported  in  Reference  3.1. 

The  coefficient  of  variation  (standard  deviation  normalized  by  the  mean)  is  also  listed  as  a measure  of 
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the  scatter  found  in  the  test  data.  The  smallest  coefficient  of  variation  is  less  than  1 % for  axial-strain 
measurements  from  specimen  no.  1 of  tube  type  2,  and  the  largest  is  more  than  21%  for  hoop-strain 
measurements  taken  from  specimen  no.  3 of  tube  type  1.  In  general,  the  scatter  in  a specimen’s  hoop- 
strain  data  is  greater  than  that  in  its  axial-strain  data,  but  this  is  not  true  of  all  specimens. 


Table  3.1  Strain-at-failure  data  for  subscale  tubes  tested  at  NIST  [3.1]. 


Tube 

Type 

Tube 

Length 

(mm) 

Test 

Temp. 

(K) 

Sj>ecimen 

Number 

Failure  Strain 

axial  hoop 

1 

710 

295 

1 

-14088 

5743 

1 

-14388 

5479 

1 

-14438 

5210 

1 

-14934 

5782 

1 

-15375 

5728 

1 

-14978 

4226 

2 

-11786 

5989 

2 

-11582 

4727 

2 

-11443 

5009 

2 

-11350 

5769 

3 

-13358 

4810 

3 

-13799 

6505 

1 

230 

295 

1 

-13376 

6020 

1 

-12144 

6410 

1 

-12115 

5462 

1 

-11599 

6482 

2 

-16485 

7198 

2 

-17787 

8186 

2 

-17640 

7558 

2 

-17530 

8040 

2 

-18377 

7897 

1 

480 

295 

1 

-13585 

1 

-13613 

1 

-12824 

1 

-12799 

2 

710 

295 

1 

-12462 

5232 

1 

-12519 

6138 

2 

-14081 

6210 

2 

-12499 

6432 

2 

-12226 

5582 
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Table  3.1  Strain-at-failure  data  for  subscale  tubes  tested  at  NIST  [3.1]  (continued). 


Tube 

Tube 

Length 

(mm) 

Test 

Temp. 

(K) 

Specimen 

Failure  Strain 

Type 

Number 

axial 

hoop 

2 

710 

76 

3 

-19275 

6115 

3 

-19470 

5871 

3 

-17896 

6152 

3 

-19031 

5737 

3 

-19702 

6726 

3 

-18640 

6042 

2 

710 

4 

4 

-21118 

5884 

4 

-20361 

7227 

4 

-19507 

5385 

4 

-20679 

7007 

4 

-21509 

6665 

4 

-19995 

5908 

5 

-14600 

4907 

5 

-14331 

4712 

5 

-14697 

5444 

5 

-14209 

4810 

5 

-14258 

4467 

3 

710 

295 

1 

-12580 

3458 

1 

-11805 

4154 

1 

-10400 

4041 

1 

-11504 

4401 

2 

-18287 

8280 

2 

-17468 

7316 

2 

-19889 

7448 

2 

-20221 

6090 

2 

-18993 

6255 

2 

-16665 

8647 

2 

-18915 

6987 

3 

-13240 

5619 

3 

-15451 

5145 

3 

-16129 

5042 

3 

-13469 

5137 

3 

-16477 

5491 

3 

710 

76 

4 

-26147 

9448 

4 

-25415 

8692 

4 

-30518 

9741 

3 

480 

295 

1 

-20155 

1 

-20067 

1 

-20601 

1 

-21208 
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Table  3.1  Strain-at-failure  data  for  subscale  tubes  tested  at  NIST  [3.1]  (continued). 


Tube 

Tube 

Test 

Specimen 

Number 

Failure  Strain 

Type 

Length 

(mm) 

Temp. 

(K) 

axial 

hoop 

3 

230 

295 

2 

-19325 

8272 

2 

-21279 

8148 

2 

-20180 

8564 

4 

710 

295 

1 

-17280 

7539 

1 

-19770 

6802 

1 

-18712 

7152 

1 

-17251 

8276 

2 

-21116 

8090 

2 

-14748 

8506 

2 

-16580 

8310 

2 

-13692 

9617 

2 

-12808 

8553 

2 

-25008 

7992 

4 

710 

76 

3 

-25000 

8411 

3 

-23999 

8521 

3 

-25000 

8179 

3 

-20996 

8887 

3 

-25000 

9094 

4 

710 

4 

4 

-22803 

7813 

4 

-22729 

7740 

4 

-21387 

6616 

5 

710 

295 

1 

-14871 

5584 

1 

-16949 

5047 

1 

-17693 

5124 

2 

-15686 

4480 

2 

-13733 

4382 

2 

-13879 

4053 

2 

-13293 

5078 

2 

-15442 

3674 

2 

-15845 

4626 

5 

710 

76 

3 

-21839 

5615 

3 

-21949 

6445 

3 

-18554 

6738 

3 

-20154 

6702 

3 

-22327 

5554 

3 

-21423 

5517 

5 

230 

295 

4 

-16959 

4 

-14917 

4 

-16345 

4 

-18223 
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Table  3.1  Strain-at-failure  data  for  subscale  tubes  tested  at  NIST  [3.1]  (continued). 


Tube 

Tube 

Test 

Specimen 

Number 

Failure  Strain 

Type 

Length 

(mm) 

Temp. 

(K) 

axial 

hoop 

5 

480 

295 

2 

-11010 

2 

-11275 

2 

-12421 

2 

-12583 

6 

710 

295 

1 

-16870 

5286 

1 

-16577 

4443 

1 

-18311 

5933 

1 

-15637 

5310 

1 

-14893 

5945 

1 

-18896 

6238 

2 

-14893 

2710 

2 

-16418 

3271 

2 

-13208 

4492 

2 

-14697 

4834 

2 

-17285 

4333 

2 

-14001 

3735 

6 

710 

76 

3 

-30835 

6738 

3 

-27661 

6934 

3 

-30078 

5029 

3 

-23462 

8691 

3 

-22485 

6738 

4 

-24683 

8838 

4 

-25269 

8642 

4 

-24097 

7813 
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Table  3.2.  Strain-at-failure  statistics  for  subscale  tubes  tested  at  NIST  [3.1]. 


Tube 

Type 

Specimen 

Number 

Tube 

Length 

(mm) 

Test 

Temp. 

(K) 

Direc- 

tion 

Maximum 

Minimum 

Average 

c.v. 

1 

1 

710 

295 

axial 

-0.015375 

-0.014088 

-0.014700 

0.0323 

hoop 

0.005782 

0.004226 

0.005361 

0.1114 

1 

2 

710 

295 

axial 

-0.011786 

-0.011350 

-0.011540 

0.0164 

hoop 

0.005989 

0.004727 

0.005373 

0.1120 

1 

3 

710 

295 

axial 

-0.013799 

-0.013358 

-0.013579 

0.0230 

hoop 

0.006505 

0.004810 

0.005658 

0.2119 

1 

1 

230 

295 

axial 

-0.013376 

-0.011599 

-0.012308 

0.0613 

hoop 

0.006482 

0.005462 

0.006093 

0.0767 

1 

2 

230 

295 

axial 

-0.018377 

-0.016485 

-0.017564 

0.0391 

hoop 

0.008186 

0.007198 

0.007776 

0.0512 

1 

1 

480 

295 

axial 

-0.013613 

-0.012799 

-0.013205 

0.0345 

hoop 

0.000000 

0.000000 

0.000000 

0.0000 

2 

1 

710 

295 

axial 

-0.012519 

-0.012462 

-0.012491 

0.0032 

hoop 

0.006138 

0.005232 

0.005685 

0.1127 

2 

2 

710 

295 

axial 

-0.014081 

-0.012226 

-0.012935 

0.0774 

hoop 

0.006432 

0.005582 

0.006075 

0.0726 

2 

3 

710 

76 

axial 

-0.019702 

-0.017896 

-0.019002 

0.0344 

hoop 

0.006726 

0.005737 

0.006107 

0.0559 

2 

4 

710 

4 

axial 

-0.021509 

-0.019507 

-0.020528 

0.0357 

hoop 

0.007227 

0.005835 

0.006421 

0.0972 

2 

5 

710 

4 

axial 

-0.014697 

-0.014209 

-0.014419 

0.0150 

hoop 

0.005444 

0.004467 

0.004868 

0.0742 

3 

1 

710 

295 

axial 

-0.012580 

-0.010400 

-0.011572 

0.0781 

hoop 

0.004401 

0.003458 

0.004013 

0.0996 

3 

2 

710 

295 

axial 

-0.020221 

-0.016665 

-0.018634 

0.0681 

hoop 

0.008647 

0.006090 

0.007289 

0.1308 

3 

3 

710 

295 

axial 

-0.016477 

-0.013240 

-0.014953 

0.1008 

hoop 

0.005619 

0.005042 

0.005287 

0.0477 

3 

4 

710 

76 

axial 

-0.030518 

-0.025415 

-0.027360 

0.1009 

hoop 

0.009741 

0.008692 

0.009294 

0.0582 

3 

1 

480 

295 

axial 

-0.021208 

-0.020067 

-0.020508 

0.0255 

hoop 

0.000000 

0.000000 

0.000000 

0.0000 

3 

2 

230 

295 

axial 

-0.021279 

-0.019325 

-0.020261 

0.0483 

hoop 

0.008564 

0.008148 

0.008328 

0.0256 
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Table  3.2.  Strain-at-failure  statistics  for  subscale  tubes  tested  at  NIST  [3.1]  (continued). 


Tube 

Type 

Specimen 

Number 

Tube 

Length 

(mm) 

Test 

Temp. 

(K) 

Direc- 

tion 

Maximum 

Minimum 

Average 

c.v. 

4 

1 

710 

295 

axial 

-0.019770 

-0.017251 

-0.018253 

0.0668 

hoop 

0.008276 

0.006802 

0.007442 

0.0849 

4 

2 

710 

295 

axial 

-0.025008 

-0.012808 

-0.017325 

0.2758 

hoop 

0.009617 

0.007992 

0.008511 

0.0688 

4 

3 

710 

76 

axial 

-0.025000 

-0.020996 

-0.023999 

0.0722 

hoop 

0.009094 

0.008179 

0.008618 

0.0428 

4 

4 

710 

4 

axial 

-0.022803 

-0.021387 

-0.022306 

0.0357 

hoop 

0.007813 

0.006616 

0.007390 

0.0908 

5 

1 

710 

295 

axial 

-0.017693 

-0.014871 

-0.016504 

0.0886 

hoop 

0.005584 

0.005047 

0.005252 

0.0553 

5 

2 

710 

295 

axial 

-0.015845 

-0.013293 

-0.014646 

0.0773 

hoop 

0.005078 

0.003674 

0.004382 

0.1101 

5 

3 

710 

76 

axial 

-0.022327 

-0.018554 

-0.021041 

0.0680 

hoop 

0.006738 

0.005517 

0.006095 

0.0974 

5 

4 

230 

295 

axial 

-0.018223 

-0.014917 

-0.016611 

0.0827 

hoop 

0.000000 

0.000000 

0.000000 

0.0000 

5 

2 

480 

295 

axial 

-0.012583 

-0.011010 

-0.011822 

0.0673 

hoop 

0.000000 

0.000000 

0.000000 

0.0000 

6 

1 

710 

295 

axial 

-0.018896 

-0.014893 

-0.016864 

0.0907 

hoop 

0.006238 

0.004443 

0.005526 

0.1180 

6 

2 

710 

295 

axial 

-0.017285 

-0.013208 

-0.015084 

0.1006 

hoop 

0.004834 

0.002710 

0.003896 

0.2069 

6 

3 

710 

76 

axial 

-0.030835 

-0.022485 

-0.026904 

0.1409 

hoop 

0.008691 

0.005029 

0.006826 

0.1901 

6 

4 

710 

4 

axial 

-0.025269 

-0.024097 

-0.024683 

0.0237 

hoop 

0.008838 

0.007813 

0.008431 

0.0645 
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The  strain  data  were  transformed  into  axes  aligned  with  each  of  the  tube  layer  orientations 
according  to  the  well-known  transformation  relation  for  planar  engineering  strains: 

€j  cos^0  sin^0  sin0cos0 

€2  = sin^d  cos^0  -sin0cos0  €y  (3.1) 

7j2  -2sin0cos0  2sin0cos0  cos^  - sin^0  7^^  . 

Here,  and  7^  are  the  axial,  hoop,  and  (engineering)  twisting  strains  in  the  tube’s  axis  system, 

respectively,  and  €j,  €2,  and  712  are  the  fiber-direction,  transverse,  and  (engineering)  shear  strains  in 
a layer  oriented  at  an  angle  6 with  respect  to  the  tube’s  axis. 

A key  assumption  enabling  the  use  of  the  above  transformation  relation  is  that  strains  mea- 
sured at  a tube’s  surface  are  constant  through  the  thickness  of  the  tube.  This  assumption  is  not  strictly 
true  for  thick  tubes  (such  as  the  subscale  test  specimens),  but  the  variation  of  strain  through  the  thick- 
ness of  a typical  tube  is  much  smaller  than  the  observed  variability  of  strain  measurements,  so 
through-thickness  variations  of  strain  were  neglected  in  favor  of  the  above,  simplified  analysis. 

Alternative,  stress-based  measures  of  failure  are  more  difficult  to  apply  than  the  strain  mea- 
sures described  above.  Layer  elastic  properties  are  needed  to  convert  strain  data  into  stress  predic- 
tions, and  since  these  properties  are  somewhat  uncertain  (see  §IX.4),  additional  uncertainty  and 
scatter  would  arise  in  the  study  of  failure  stresses  at  the  layer  level.  Instead,  the  present  study  focused 
on  establishment  of  strain-to-failure  limits  as  a possible  criterion  for  further  design  studies  and 
verification  of  tube  capability. 

Table  3.3  presents  the  results  of  the  data  analysis.  The  data  presented  correspond  to  averages 
taken  across  several  specimens.  Average,  worst-case  maximum,  and  worst-case  minimum  failure 
strains  are  listed  along  with  the  coefficients  of  variation  for  the  samplings  indicated. 

For  strength  design  of  SMES  support  tubes,  it  is  prudent  to  focus  on  the  failure  of  the  axially 
aligned  layers  as  they  carry  the  operative  compressive  loads.  Off-axis  layers  are  useful  to  reduce 
transverse  strains  and  to  stabilize  the  axial  layers,  but  these  effects  will  contribute  primarily  to  in- 
creasing the  apparent  strength  of  the  axial  layers.  Thus,  if  failure  predictors  can  be  developed  based 
on  the  stress  or  strain  state  of  the  axially  aligned  layers  (in  the  present  case  these  are  layers  oriented 
at  + 10°  to  the  tube  axis),  then  resulting  designs  will  address  the  load-carrying  capability  of  the  tubes 
directly. 
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Table  3.3(a).  Strain  at  failure  in  10°  layers  from  subscale  tubes 
tested  at  NIST  [3.1]. 


and  2 (room  temperature)  - 26  specimens 


Tube  types  1 

Strains: 

Max.: 

Min.: 

Ave.: 

C.V.  (%): 


Fiber 

-0.010834 

-0.017585 

-0.013334 

15.598 


Transverse 

0.007403 

0.003647 

0.005467 

17.513 


Shear 

0.008986 

0.005578 

0.006842 

14.734 


Strains: 

Fiber 

Max.: 

-0.017171 

Min.: 

-0.018905 

Ave.: 

-0.018245 

C.V.  (%): 

3.462 

Tube  types  1 and  2 (4  K)  - 

Strains: 

Fiber 

Max.: 

-0.013636 

Min.: 

-0.020659 

Ave.: 

-0.017044 

C.V.  (%): 

18.262 

Shear 
0.009038 
0.008224 
0.008588 
3.234 

specimens 

Transverse  Shear 

0.006395  0.009636 

0.003902  0.006404 

0.005007  0.008026 

16.747  17.439 


Tube  types  1 and  2 (76  K)  - 6 specimens 

Transverse 
0.005929 
0.004990 
0.005350 
6.100 


Tube  types  3 and  4 (room  temperature)  - 29  specimens 


Strains:  Fiber 

Max.:  -0.009965 

Min.:  -0.024013 

Ave.:  -0.016154 

C.V.  (%):  20.684 


Transverse  Shear 

0.008914  0.011286 

0.002974  0.004940 

0.006158  0.008120 

25.684  19.296 


Tube  types  3 and  4 (76  K)  - 8 specimens 


Strains: 

Max.: 

Min.: 

Ave.: 

C.V.  (%): 


Fiber 

-0.020095 

-0.029304 

-0.024230 

10.490 


Transverse 

0.008527 

0.007179 

0.007842 

6.056 


Shear 

0.013770 

0.010220 

0.011674 

8.703 


Tube  types  3 and  4 (4  K)  - 3 specimens 

Transverse  Shear 


Strains:  Fiber 

Max.:  -0.020543 

Min.:  -0.021880 

Ave.:  -0.021411 

C.V.  (%):  3.516 


0.006890  0.010472 

0.005772  0.009578 

0.006494  0.010156 

9.651  4.944 
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Table  3.3(a).  Strain  at  failure  in  10°  layers  from  subscale  tubes 
tested  at  NIST  [3.1]  (continued). 


Tube  types  5 

and  6 (room  temperature)  - 21  specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

-0.012674 

0.005480 

0.008596 

Min.: 

-0.018138 

0.002179 

0.006020 

Ave.: 

-0.015056 

0.004080 

0.006966 

C.V.  (%): 

10.405 

20.958 

10.509 

Tube  types  5 

and  6 (76  K)  - 1 1 

specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

-0.017791 

0.007721 

0.012850 

Min.: 

-0.029702 

0.003970 

0.008650 

Ave.: 

-0.022797 

0.005519 

0.010306 

C.V.  (%): 

17.106 

17.855 

13.462 

Tube  types  5 

and  6 (4  K)  - 3 specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

-0.023135 

0.007827 

0.011598 

Min.: 

-0.024246 

0.006851 

0.010914 

Ave.: 

-0.023684 

0.007432 

0.011326 

C.V.  (%): 

2.347 

6.920 

3.203 

All  Tubes  (room  temperature)  - 

76  specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

-0.009965 

0.008914 

0.011286 

Min.: 

-0.024013 

0.002179 

0.004940 

Ave.: 

-0.014886 

0.005347 

0.007364 

C.V.  (%): 

18.678 

27.375 

18.008 

All  Tubes  (76  K)  - 25  specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

-0.017171 

0.008527 

0.013770 

Min.: 

-0.029702 

0.003970 

0.008224 

Ave.: 

-0.022163 

0.006222 

0.010332 

C.V.  (%): 

16.731 

21.471 

15.242 

All  Tubes  (4 

K)  - 17  specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

-0.013636 

0.007827 

0.011598 

Min.: 

-0.024246 

0.003902 

0.006404 

Ave.: 

-0.018986 

0.005698 

0.008984 

C.V.  (%): 

19.707 

21.726 

19.878 
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Table  3.3(a).  Strain  at  failure  in  10°  layers  from  subscale  tubes 
tested  at  NIST  [3.1]  (continued). 


All  Tubes  (76  K,  4 K)  - 42  specimens 


Strains: 

Fiber 

Max.: 

-0.013636 

Min.: 

-0.029702 

Ave.: 

-0.020877 

C.V.  (%): 

19.162 

Tube  types 

1,  2,  5,  and  6 

Strains: 

Fiber 

Max.: 

-0.010834 

Min.: 

-0.018138 

Ave.: 

-0.014103 

C.V.  (%): 

14.475 

Transverse  Shear 

0.008527  0.013770 

0.003902  0.006404 

0.006010  0.009786 

21.762  18.119 

temperature)  - 47  specimens 

Transverse  Shear 

0.007403  0.008986 

0.002179  0.005578 

0.004847  0.006898 

23.538  12.880 


Tube  types  1,  2,  5,  and  6 (76  K,  4 K)  - 31  specimens 


Strains: 

Max.: 

Min.: 

Ave.: 

C.V.  (%): 


Fiber 

-0.013636 

-0.029702 

-0.019961 

20.308 


Transverse 

0.007827 

0.003902 

0.005490 

18.757 


Shear 

0.012850 

0.006404 

0.009264 

18.042 
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Table  3.3(b).  Strain  at  failure  in  45°  layers  from  subscale  tubes 
tested  at  NIST  [3.1]. 


Tube  types  3 

and  4 (room  temperature)  - 29  specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

-0.002038 

-0.002037 

0.033000 

Min.: 

-0.008508 

-0.008508 

0.014440 

Ave.: 

-0.004998 

-0.004998 

0.023744 

C.V.  (%): 

29.668 

29.668 

19.296 

Tube  types  3 

and  4 (76  K) 

- 8 specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

-0.006055 

-0.006054 

0.040260 

Min.: 

-0.010389 

-0.010388 

0.029882 

Ave.: 

-0.008194 

-0.008194 

0.034132 

C.V.  (%): 

14.416 

14.416 

8.703 

Tube  types  3 

and  4 (4  K)  - 

3 specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

-0.007386 

-0.007385 

0.030616 

Min.: 

-0.007495 

-0.007495 

0.028004 

Ave.: 

-0.007458 

-0.007458 

0.029696 

C.V.  (%): 

0.846 

0.846 

4.944 
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Table  3.3(c).  Strain  at  failure  in  82°  layers  from  subscale  tubes 
tested  at  NIST  [3.1]- 


All  tubes  (room  temperature)  - 

50  specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

0.009047 

-0.010047 

0.010198 

Min.: 

0.002279 

-0.024200 

0.004462 

Ave.: 

0.005412 

-0.015820 

0.006898 

C.V.  (%): 

31.252 

17.655 

18.307 

All  tubes  (76 

K)  - 19  specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

0.008756 

-0.017935 

0.012440 

Min.: 

0.004170 

-0.029916 

0.007816 

Ave.: 

0.006678 

-0.023581 

0.009832 

C.V.  (%): 

21.435 

14.466 

12.838 

All  tubes  (4  K)  - 6 specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

0.008018 

-0.020702 

0.010480 

Min.: 

0.005931 

-0.024439 

0.008654 

Ave.: 

0.007142 

-0.022726 

0.009704 

C.V.  (%): 

10.333 

6.121 

6.989 

Tube  types  3 

and  4 (room  temperature)  - 29  ; 

specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

0.009047 

-0.010047 

0.010198 

Min.: 

0.003066 

-0.024200 

0.004462 

Ave.: 

0.006292 

-0.016289 

0.007338 

C.V.  (%): 

25.435 

20.664 

19.296 

Tube  types  3 

and  4 (76  K)  - 8 

specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

0.008756 

-0.020265 

0.012440 

Min.: 

0.007367 

-0.029533 

0.009234 

Ave.: 

0.008036 

-0.024424 

0.010548 

C.V.  (%): 

6.036 

10.475 

8.703 

Tube  types  3 

and  4 (4  K)  - 3 specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

0.007064 

-0.020702 

0.009460 

Min.: 

0.005931 

-0.022054 

0.008654 

Ave.: 

0.006663 

-0.021580 

0.009176 

C.V.  (%): 

9.532 

3.527 

4.944 
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Table  3.3(c).  Strain  at  failure  in  82°  layers  from  subscale  tubes 
tested  at  NIST  [3.1]  (continued). 


Tube  types  5 

and  6 (room  temperature)  - 21  specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

0.005623 

-0.012775 

0.007766 

Min.: 

0.002279 

-0.018281 

0.005440 

Ave.: 

0.004196 

-0.015172 

0.006292 

C.V.  (%): 

20.576 

10.399 

10.509 

Tube  types  5 

and  6 (76  K)  - 11 

specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

0.007904 

-0.017935 

0.011610 

Min.: 

0.004170 

-0.029916 

0.007816 

Ave.: 

0.005690 

-0.022969 

0.009312 

C.V.  (%): 

17.338 

17.076 

13.462 

Tube  types  5 

and  6 (4  K)  - 3 specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

0.008018 

-0.023316 

0.010480 

Min.: 

0.007032 

-0.024439 

0.009860 

Ave.: 

0.007621 

-0.023873 

0.010232 

C.V.  (%): 

6.823 

2.352 

3.203 

Tube  types  5 

and  6 (76  K,  4 K) 

- 14  specimens 

Strains: 

Fiber 

Transverse 

Shear 

Max.: 

0.008018 

-0.017935 

0.011610 

Min.: 

0.004170 

-0.029916 

0.007816 

Ave.: 

0.006104 

-0.023162 

0.009510 

C.V.  (%): 

19.838 

14.974 

12.350 
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A side  benefit  of  using  strain-based  failure  criteria  is  that  they  provide  a means  by  which  to 
interrogate  a tube’s  construction  nondestructively.  By  using  the  strain  transformation  in  Equation  3.1, 
ratios  of  fiber-  and  shear-direction  strains  to  transverse  layer  strains  can  be  predicted  for  a layer 
wound  at  an  angle  <p  to  the  tube  axis  by  using  only  the  measured  tube  Poisson’s  ratio  as  a 
parameter: 


j'^sin^v?  - cos^i;^ 

(3.2) 

€7 

siT?(f>  - v^cos^<p 

yiT 

2(1  + i'^)sin^coS(p 

(3.3) 

e? 

- sin"(p 

Thus,  as  limiting  strain  values  are  established,  the  allowable  strength  of  any  tube  can  be 
predicted  from  a low-load,  elastic  test  in  which  tube  axial  and  hoop  strains  are  measured  versus 
applied  load.  The  measured  Poisson’s  ratio  can  then  be  used  to  predict  which  strain  component  will 
exceed  its  allowable  value  first  in  the  as-constructed  tube.  This  strain  component  can  be  calibrated 
with  respect  to  the  applied  load  to  arrive  at  the  prediction  of  allowable  strength.  For  such  a scheme 
to  work  in  practice,  sufficiently  conservative  allowable  strain  limits  must  be  established  a priori. 

For  the  specimens  tested  at  room  temperature,  the  averaged  ultimate  compressive  fiber-direc- 
tion strain  in  10°  layers  varied  from  1.33%  to  1.61%.  The  averaged  ultimate  transverse  strain  in  the 
10°  layers  was  between  0.41%  and  0.61%.  The  averaged  (engineering)  shear  strain  in  the  10°  layers 
varied  from  0.68%  to  0.81%.  Much  greater  variations  were  noted  in  the  maximum  and  minimum 
failure-strain  values.  The  experimental  variation  is  illustrated  graphically  in  Figures  3.1  and  3.2, 
which  show  fiber  and  shear  strains  at  failure  in  10°  layers  plotted  against  transverse  layer  strains. 
These  figures  show  fiber  strains  at  failure  ranging  from  1%  to  nearly  2.5%,  transverse  strains  at  fail- 
ure between  0.2%  and  0.9%,  and  shear  strains  at  failure  from  0.5%  to  1.1%.  Data  from  cryogenic 
tube  tests  show  generally  increased  strain  levels  at  failure,  although  with  the  large  scatter  and  small 
specimen  size,  meaningful  statistics  are  difficult  to  extract. 

Review  of  the  failure  strain  data  indicates  that  possible  mechanisms  of  failure  in  the  tested 
tubes  are  related  to  some  limiting  value  of  fiber-direction  strain  and/or  some  combination  of  trans- 
verse tension  and  shear  strains.  The  lower-bound  1 % fiber  strain  appears  at  first  look  to  be  a useful 
criterion  for  design,  although  the  [±  IO3/82]  lay-up  tubes  offer  an  empirically  higher  allowable 
of  roughly  1.25%.  Thus,  a 1%  fiber  strain  allowable  may  be  overly  conservative  by  up  to  25%. 
Limiting  layer  shear  strain  to  values  below  0.5%  also  appears  to  provide  a conservative  lower  bound 
for  design.  As  operating  temperature  decreases,  both  fiber  and  matrix  strain  allowables  appear  to 
increase  to  roughly  1.3%  and  0.7%  strain,  respectively. 

An  interesting  aspect  of  the  failure  strain  data  is  that  matrix  transverse  tension  and  shear 
strains  tend  to  be  coupled,  in  that  transverse  compression  could  support  much  higher  shear  strains  at 
failure  than  transverse  tension.  Therefore,  a combined-loading  allowable  formulation  (e.g.,  Tsai-Wu 
tensor  theory)  could  prove  more  determinative  in  the  establishment  of  strain  allowables  than  the 
maximum-strain  limitations  studied  here.  This  should  be  explored  through  more  extensive  analysis  of 
the  failure  strain  data,  although  a major  difficulty  in  using  Tsai-Wu  theory  is  that  it  is  stress-tensor 
based,  and  the  layer  stresses  can  be  evaluated  from  strain  data  only  by  using  postulated  values  of 
layer-material  elastic  properties. 
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Figure  3.1.  Fiber  failure  strains  in  10°  layers  from  subscale  SMES  tube  tests. 
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Figure  3.2.  Shear  failure  strains  in  10°  layers  from  subscale  SMES  tube  tests. 
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4.  Material  Elastic  Properties  Estimation 


Design  of  SMES  support  tubes  requires  some  knowledge  of  material  elastic  and  strength 
properties.  Although  the  strength  properties  can  be  assessed  directly  from  failure  strain  data  (in  the 
context  of  a maximum-strain  failure  criterion),  material  elastic  properties  can  be  inferred  only  from 
tests  of  tube  constructions.  This  is  because  one  must  characterize  a minimum  of  four  elastic  constants 
in  order  to  predict  the  elastic  response  of  the  orthotropic  fiberglass  tube  materials.  Estimation  of  the 
four  elastic  constants— fiber-direction  modulus  transverse  modulus  (Ej),  shear  modulus  (0^) 

and  Poisson’s  ratio  enables  a transversely  isotropic  theory  of  orthotropic  materials  to  be 

invoked  in  design  of  tube  constructions.  Unfortunately,  measurement  of  these  quantities  is  nearly 
impossible  through  tube  testing  because  the  layer  properties  are  obscured  in  the  measured  composite 
properties. 

To  address  this  problem,  a best-fit  procedure  was  developed  to  estimate  layer  elastic  prop- 
erties for  tested  tubes  of  known  construction.  This  procedure  varies  postulated  layer  elastic  properties 
according  to  a gradient-descent  algorithm  derived  to  minimize  J: 


J = 

\E  1 

^ - 1 

2 

-1- 

'^xe  _ 1 ' 

[Eq  j 

. ^0 

where  and  are  computed  from  postulated  layer  properties  according  to  laminated  plate  theory, 
and  Eq,  vq  are  test  data.  Thus,  the  properties  (Ej^,  Ej,  and  predicted  by  the  method  are 
those  which  most  closely  predict  the  observed  behavior  of  the  tube  under  test.  The  FORTRAN 
program  that  implements  this  method  for  computation  is  listed  in  Appendix  B (§IX.8). 

Because  the  properties  are  underdetermined,  some  uncertainty  is  present  in  all  predictions. 
Indeed,  the  procedure  is  not  even  guaranteed  to  converge  to  globally  minimum  errors,  but  will  instead 
minimize  the  error  between  predicted  and  measured  values  in  a neighborhood  around  the  initial  guess. 
However,  experience  with  the  method  has  shown  surprisingly  good  performance  in  predicting  fiber- 
direction  modulus  and  major  Poisson’s  ratio  (pij-),  and  somewhat  larger  uncertainty  in  predicting 
transverse  (Ej-)  and  shear  moduli.  This  result  is  not  surprising  since  the  measured  quantities 
depend  most  directly  on  fiber-direction  modulus  and  major  Poisson’s  ratio  in  the  axially  dominant 
tube  constructions  tested  to  date. 

Material  elastic  properties  extracted  using  the  method  are  listed  in  Table  4.1.  Measured 
moduli  and  Poisson’s  ratios  are  averages  taken  from  Reference  3.1.  The  moduli  predicted  for  tube 
types  5,  6,  7,  and  9 were  based  on  the  assumption  that  92.9%  of  the  tube  was  wound  at  + 10°, 
rather  than  the  amount  predicted  by  the  lay-up  designation,  which  would  have  been  85.7%  at  ± 10°. 
This  assumption  is  borne  out  by  the  micrographic  examinations  described  in  §IX.2. 
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Table  4.1.  Measured  and  predicted  material  elastic  properties 
for  subscale  tubes  tested  at  NIST. 


Tube 

Type 

Specimen 

Number 

Tube 

Length 

(mm) 

Test 

Temp. 

(K) 

Measured  [3.1] 

Predicted  Values 

^0* 

^0 

El 

Ej 

^LT 

J 

1 

1 

230 

295 

38.621 

0.470 

40.441 

5.451 

1.259 

0.261 

9.980E-09 

1 

2 

230 

295 

39.310 

0.430 

41.041 

6.014 

2.043 

0.256 

8.668E-09 

2 

1 

710 

295 

36.552 

0.360 

37.903 

6.847 

3.405 

0.247 

9.510E-09 

2 

2 

710 

295 

35.862 

0.380 

37.276 

6.448 

2.740 

0.249 

9.908E-09 

2 

3 

710 

76 

40.000 

0.350 

41.414 

7.372 

4.273 

0.248 

9.934E-09 

2 

4 

710 

4 

42.069 

0.350 

43.552 

7.579 

4.603 

0.248 

8.691E-09 

2 

5 

710 

4 

42.069 

0.360 

43.607 

7.379 

4.257 

0.249 

8.592E-09 

1 

1 

710 

295 

40.000 

0.360 

41.462 

i.m 

3.939 

0.249 

9.028E-09 

1 

2 

710 

295 

37.241 

0.430 

38.890 

5.838 

1.801 

0.255 

8.448E-09 

1 

3 

710 

295 

35.862 

0.380 

37.276 

6.448 

2.740 

0.249 

9.908E-09 

3 

2 

230 

295 

22.069 

0.400 

36.841 

4.221 

0.720 

0.242 

9.974E-09 

4 

1 

710 

295 

22.759 

0.340 

37.172 

4.139 

2.023 

0.243 

9.278E-09 

4 

2 

710 

295 

25.517 

0.390 

40.924 

6.910 

1.368 

0.253 

9.667E-09 

4 

3 

710 

76 

31.034 

0.370 

47.090 

11.152 

2.832 

0.265 

9.103E-09 

4 

4 

710 

4 

33.103 

0.360 

49.297 

12.703 

3.560 

0.267 

9.804E-09 

3 

1 

710 

295 

26.207 

0.330 

41.097 

6.777 

2.961 

0.250 

9.939E-09 

3 

2 

710 

295 

24.138 

0.360 

38.986 

5.468 

1.846 

0.247 

9.738E-09 

3 

3 

710 

295 

24.828 

0.340 

39.600 

5.793 

2.429 

0.248 

9.178E-09 

5 

3 

230 

295 

40.690 

0.320 

45.152 

7.566 

1.425 

0.258 

8.907E-09 

6 

1 

710 

295 

37.931 

0.280 

41.848 

6.972 

3.506 

0.250 

8.485E-09 

6 

2 

710 

295 

38.621 

0.270 

42.545 

7.021 

4.167 

0.249 

8.635E-09 

6 

3 

710 

76 

41.379 

0.280 

45.641 

7.600 

3.872 

0.251 

9.303E-09 

6 

4 

710 

4 

41.379 

0.300 

45.772 

7.697 

2.637 

0.254 

9.849E-09 

5 

1 

710 

295 

42.759 

0.320 

47.441 

7.938 

1.519 

0.258 

9.315E-09 

5 

2 

710 

295 

42.069 

0.300 

46.538 

7.821 

2.689 

0.254 

9.449E-09 

5 

3 

710 

76 

47.586 

0.330 

52.876 

8.752 

1.084 

0.261 

8.822E-09 

7 

1 

710 

295 

29.655 

0.290 

34.731 

7.731 

0.000 

0.276 

1.231E-06 

9 

1 

710 

295 

37.241 

0.280 

43.738 

9.372 

0.006 

0.262 

8.816E-09 

7 

2 

710 

295 

31.724 

0.280 

37.352 

7.690 

0.000 

0.264 

2.709E-07 

9 

2 

710 

295 

35.172 

0.290 

41.062 

9.545 

0.000 

0.274 

1.572E-08 

7 

3 

710 

295 

28.966 

0.240 

34.297 

5.548 

1.633 

0.251 

9.864E-09 

9 

3 

710 

295 

33.103 

0.300 

38.428 

9.510 

0.000 

0.285 

9.685E-09 

* Modulus  values  listed  are  in  GPa. 
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Examination  of  Table  4. 1 shows  an  average  predicted  fiber-direction  modulus  for  room- 
temperature  tests  of  39.86  GPa  with  an  8%  coefficient  of  variation.  The  other  predictions  are 
somewhat  less  uniform,  although  the  predicted  Poisson’s  ratio  is  very  close  to  0.25.  Higher  moduli 
are  predicted  for  cryogenic  tests,  and  a Poisson’s  ratio  near  0.27  is  predicted  for  tubes  types  7 and  9. 
Anomalous  values  appear  for  specimens  1,  2,  and  3 of  tube  type  5,  which,  owing  to  their  very  high 
measured  moduli,  predict  much  higher  material  moduli  than  the  average  (two  standard  deviations 
above  the  mean). 

On  the  basis  of  the  predictions  listed  in  Table  4.1,  the  values  in  Table  4.2  were  used  for 
material  elastic  properties  in  design  and  modeling  studies: 


Table  4.2.  Predicted  layer  elastic  properties. 


Property 

Value 

El 

39.1  GPa  (5.68  Msi) 

Ej 

5.96  GPa  (865  ksi) 

^LT 

2.25  GPa  (327  ksi) 

^LT 

0.250 

5.  Tube  Design  Studies 

By  using  the  maximum  strain  failure  criterion  and  strain  allowable  limits  spanning  the  range 
of  those  observed  in  tube  tests  at  NIST,  tube  designs  minimizing  cross-sectional  area  were  derived 
using  the  PANDA  optimization  program  [5.1].  Optimal,  10-cm-diameter  tube  lay-ups  were  derived 
for  an  applied  axial  compression  of  22.27  MN  (500,000  Ibf)  by  using  the  elastic  properties  described 
in  §IX.4  and  varying  fiber-direction  strain  allowables  from  1.3%  to  1.7%  and  transverse-direction 
strain  allowables  from  0.4%  to  0.6%.  Tube-winding  angles  were  constrained  to  lie  between  10°  and 
82°,  and  a discrete  layer  thickness  of  0.40  mm  (0.016  in)  was  enforced. 

The  PANDA  program  optimizes  designs  based  on  a minimum-weight  objective  (in  this  case, 
minimum  cross-sectional  area)  with  allowable  strain  values  input  as  design  constraints.  Layer 
thicknesses  and  winding  angles  are  varied  according  to  a constrained,  gradient-based  optimization 
method  known  as  the  Method  of  Feasible  Directions.  PANDA  uses  the  CONMIN  optimization 
program  developed  by  G.  N.  Vanderplaats  [5.2].  CONMIN  is  used  widely  throughout  the  aerospace 
industry  for  design  optimization.  A further  refinement  was  introduced  into  the  PANDA  program  to 
produce  designs  that  obeyed  the  0.40-mm  single-layer  thickness  constraint.  Hence,  the  designs 
provided  by  the  PANDA  studies  should  be  able  to  be  built  with  current  methods. 

Note  that  optimization  for  minimum  cross-sectional  area  implies  minimization  of  thermal 
conductivity  for  designs  that  are  dominated  by  axial  loadings,  as  the  SMES  tubes  are.  However, 
material  characteristics  may  indicate  slightly  greater  winding  angles  if  conductivity  is  used  as  the 
design  objective.  Since  increasing  the  winding  angles  places  a premium  on  off-axis  material  strength, 
and  since  the  variability  of  material  strength  is  so  great  as  seen  from  the  subscale  tube  tests,  no 
explicit  optimization  for  minimal  thermal  conductivity  was  done. 
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Figures  5.1  through  5.3  show  optimum  tube  wall  thicknesses  for  [±\Q°J±B^  tube  lay-ups 
given  fiber  and  transverse  failure  strain  constraints.  The  fiber  strain  allowable  v^ues  are  listed  in  the 
legends  of  these  figures  by  the  "L=x.xx%"  values,  and  the  transverse  strain  allowables  are  listed  in 
the  legends  as  the  "T=x.xx%"  values.  The  notable  aspect  of  these  results  is  that  minimum-thickness 
tubes  result  from  combinations  of  10°  and  82°  layers  until  strain  allowables  get  very  high.  For  allow- 
able transverse  strains  of  0.6%  and  allowable  fiber  strains  of  1.7%,  the  optimal  design  comprises  only 
10°  layers. 

Figures  5.4  through  5.6  show  the  ratio  of  10°  ("axial")  layers  to  off-axis  angle-wound  layers 
for  different  off-axis  winding  angles  and  failure  strain  allowables.  This  is  the  ratio  n/m  in  the  laminate 
designation  [±lO„/+0^].  Some  variation  of  this  ratio  appears  for  winding  angles  between  20°  and 
35°.  This  is  due  to  the  sensitivity  of  designs  in  this  regime  to  local  minima  and  the  interactions  be- 
tween the  postulated  transverse  and  shear  strain  allowables.  Nonetheless,  these  figures  clearly  show 
that  wall  thickness  is  reduced  as  fiber  strain  allowables  are  increased. 

Figures  5.7  through  5.9  indicate  the  critical  constraint  that  drives  the  design  optimum.  Values 
of  -1-2  in  these  figures  indicate  that  the  transverse  tensile  strain  allowable  is  the  critical  limit,  whereas 
values  of  -1  indicate  that  fiber  compressive  strain  allowables  are  critical.  Generally,  designs  with 
off-axis  winding  angles  in  excess  of  60°  show  the  fiber  strain  limit  to  be  the  controlling  factor,  and 
designs  using  off-axis  angles  in  the  20°  to  50°  range  are  controlled  by  transverse  strain  limits.  As 
transverse  tensile  strain  allowables  become  very  high,  it  becomes  possible  to  develop  fiber-dominated 
designs  in  the  range  of  off-axis  angles  from  20°  to  50°. 

Figure  5.10  summarizes  the  results  of  the  design  study  by  showing  that  minimum  wall  thick- 
nesses are  generally  lower  when  high  fiber  strain  allowables  are  employed  to  provide  fiber-dominated 
designs.  Off-axis  wound  layers  are  needed  to  achieve  these  large  fiber  strains  without  violating  trans- 
verse tensile  strain  limits.  Thus,  the  best  designs  appear  to  be  axially  dominated  with  few  hoop-wound 
layers  to  reduce  the  transverse  tension  fields.  This  indicates  that  the  designs  currently  being  pursued 
by  NIST  ([±10„/±82])  and  pultruded  designs  in  which  the  angle  of  the  axial  layers  can  be  reduced 
even  further  offer  the  best  prospects  for  maximum  strength  and  minimum  conductivity. 

The  design  study  described  above  did  not  address  directly  the  question  raised  regarding  the 
interaction  of  layer  transverse  tensile  and  shear  strain  allowables.  This  interaction  should  be  pursued 
further,  as  it  may  indicate  that  slightly  lower  off-axis  angles  are  more  beneficial  due  to  their  effect  on 
transverse  shearing  strains.  Indeed,  this  effect  may  be  observed  in  the  generally  higher  shear  strains  at 
failure  in  the  10°  layers  of  tubes  with  45°  off-axis  layers.  In  any  event,  the  PANDA  optimization 
procedure  may  be  applied  equally  well  to  a more  extensive  study  in  which  shear-strain  allowable 
values  serve  as  parameters  for  derivation  of  candidate  designs. 
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Figure  5.1.  Optimum  tube  wall  thicknesses  for  (±  \Q°{n)l ±B{m)\  tube  lay-ups 
with  a transverse  (T)  failure  strain  constraint  of  0.40%  and 
different  fiber  failure  strain  constraints  (L). 


IX-24 


Wall  Thickness  (mm) 


Wall  Thickness  (in ) 


LEGEND 

□ L - 1.30%,  T-  0.50% 
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+ L-  1.60%,  T-  0.50% 
X L - 1 .70%,  T - 0.50% 
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Figure  5.2.  Optimum  tube  wall  thicknesses  for  [±  lO°(/i)/±0(m)]  tube  lay-ups 
with  a transverse  (T)  failure  strain  constraint  of  0.50%  and 
different  fiber  failure  strain  constraints  (L). 
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Wall  Thickness  (mm) 


Wall  Thickness  (in  ) 


LEGEND 

□ L-  1.30%,  T-  0.60% 
O L-  1.40%,  T-  0.60% 
A L-  1.50%,  T-  0.60% 
+ L-  1.60%,  T-  0.60% 
X L-  1.70%,  T-  0.60% 
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Figure  5.3.  Optimum  tube  wall  thicknesses  for  [+  \0°{n)l ±6{m)]  tube  lay-ups 
with  a transverse  (T)  failure  strain  constraint  of  0.60%  and 
different  fiber  failure  strain  constraints  (L). 
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Figure  5.4.  The  ratio  of  10°  layers  to  off-axis  angle-wound  layers  for  different 
off-axis  winding  angles  and  fiber  strain  allowables  (T  = 0.40%). 
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Figure  5.5.  The  ratio  of  10°  layers  to  off-axis  angle-wound  layers  for  different 
off-axis  winding  angles  and  failure  strain  allowables  (T  = 0.50%). 
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Ratio  AxiahAngle  Plies 


LEGEND 

□ L-  1.30%,  T-  0.60% 
O L-  1.40%,  T-  0.60% 
A L » 1 .50%,  T = 0.60% 
+ L.  1.60%,  T.  0.60% 
X L-  1.70%,  T-  0.60% 


Figure  5.6.  The  ratio  of  10°  layers  to  off-axis  angle-wound  layers  for  different 
off-axis  winding  angles  and  failure  strain  allowables  {T  = 0.60%). 
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Figure  5.7.  The  critical  constraint  that  drives  the  design  optimum  (at  T = 0.40%). 

Values  of  +2:  the  transverse  tensile  strain  allowable  is  the  critical  limit. 
Values  of  - 1:  fiber  compressive  strain  allowables  are  critical. 
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Figure  5.8.  The  critical  constraint  that  drives  the  design  optimum  (at  T = 0.50%). 

Values  of  +2:  the  transverse  tensile  strain  allowable  is  the  critical  limit. 
Values  of  - 1:  fiber  compressive  strain  allowables  are  critical. 
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Figure  5.9.  The  critical  constraint  that  drives  the  design  optimum  (at  T = 0.60%). 

Values  of  +2:  the  transverse  tensile  strain  allowable  is  the  critical  limit. 
Values  of  - 1:  fiber  compressive  strain  allowables  are  critical. 


IX-32 


Wall  Thickness  {in  ) 


LEGEND 

□ L»  1.30%,  T-  0.40% 
O L.  1.30%.  T-  0.50% 
A L-  1.30%.  T-  0.60% 
+ L-  1.50%.  T-  0.40% 
X L-  1.50%.  T-  0.50% 
O L-  1.50%.  T-  0.60% 
V L - 1 .70%.  T - 0.40% 
H L - 1.70%.  T - 0.50% 
X L - 1 .70%.  T - 0.60% 


21 * * A k k * k A L o 

0 10  20  30  40  50  60  70  80 

Angle-Ply  Orientation  (deg ) 


Figure  5. 10.  Summary  of  the  design  study. 
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Wall  Thickness  (mm) 


6.  Conclusions 


The  mechanical  performance  of  SMES  support  tubes  will  be  limited  by  two  major  factors: 

(1)  the  ability  to  mass-produce  tubes  of  high  quality,  low  void  content  and  uniform  construction  and 

(2)  the  room-temperature  strength  of  matrix  materials  used  in  the  tube  construction. 

As  seen  from  the  tube  test  data,  tube  failures  occur  over  a wide  range  of  load  and  strain 
states.  Micrographic  examinations  of  failed  tube  specimens  also  show  considerable  nonuniformity  in 
tube  construction.  A reasonable  conjecture  to  be  considered  (and  one  typical  of  composite  construc- 
tions) is  that  variability  of  quality  and  homogeneity  of  construction  are  responsible  for  a substantial 
portion  of  the  scatter  evident  in  the  experimental  results.  This  means  that  the  higher  the  tube  quality, 
the  better  it  will  be  expected  to  perform  in  service.  In  any  event,  tube  quality  will  determine  the 
margin  above  the  allowables,  and  consistently  high  quality  may  even  enable  higher  allowables  to  be 
defined. 


Improving  matrix  strengths  at  room  temperature  will  improve  tube  capability  by  reducing  the 
occurrence  of  transverse  cracks  in  the  axially  wound  layers.  Improvement  at  cryogenic  temperatures 
will  also  be  beneficial,  although  of  secondary  importance,  because  the  tube  is  loaded  uniaxially,  and 
unless  tapered  tubes  are  to  be  considered,  the  warm  end  of  the  tube  will  see  the  same  stresses  as  the 
cold  end.  It  is  highly  likely  that  improving  matrix  strengths  by  25  to  30%  will  yield  a one-for-one 
increase  in  tube  axial  strength.  This  is  predicted  by  the  fact  that  the  mean  fiber-direction  strain  at 
failure  is  25  to  30%  higher  than  the  minimum  observed  strain.  By  removing  damage  nucleation  sites 
through  matrix  strengthening  (or  better  construction,  for  that  matter),  high  achievable  fiber  strains 
will  result  in  higher  tube  capability. 

More  work  needs  to  be  done  in  the  analysis  of  test  data  for  material  properties  and  in  the  use 
of  these  properties  for  design  of  full-scale  SMES  support  tubes.  Currently,  tube  design  is  dominated 
by  the  fact  that  minimum  winding  angles  of  10°  are  available  from  filament-winding  procedures. 
Reducing  the  axial  misalignment  of  "axial"  fibers  will  result  in  much  lower  transverse  and  shear 
strains  in  the  axial  layers  which  will,  in  turn,  increase  tube  strength.  Since  it  is  beyond  the  scope  of 
this  study  to  design  the  full-scale  SMES  support  tubes,  it  should  suffice  to  say  that  the  methodologies 
developed  under  this  study  and  presented  here  provide  some  practical  means  by  which  to  design  and 
validate  SMES  tube  constructions. 

Finally,  the  development  of  screening  methods  for  assessing  the  capability  of  as-built  SMES 
tubes  should  be  pursued.  Even  in  the  best  of  circumstances,  lot-to-lot  variability  will  be  present  in 
tubes  built  for  the  SMES  application,  and  the  costs  of  construction  will  prohibit  both  extensive  proof 
testing  and  frequent  replacement  of  tubes  failed  in  service.  Therefore,  prudent  conservatism  and 
judicious  review  will  be  needed  not  only  in  the  design  of  SMES  tubes,  but  also  in  evaluating  their 
suitability  for  service. 
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8.  Appendixes 


Appendix  A.  Micrographic  Examination  of  Failed  SMES  Tube  Samples 


Photomicrographs  of  sections  of  three  failed  SMES  tubes  are  presented  along 
with  the  tube  type,  specimen  I.D.,  test  temperature,  photograph  identification  number, 
magnification  level,  and  a short  description  of  the  features  of  each  micrograph.  Tube 
types  2 and  5 were  710  mm  long;  tube  type  3 was  480  mm  long.  The  major  points  of 
description  are  summarized  in  §IX.2 


Photo  I.D.  Nos.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.1616,92.1617  2 5-A  4K  N/A 

These  photographs  show  the  tube’s  failed  section.  The  failure  is  characterized 
by  substantial  transverse  splitting  and  fiber-layer  brooming  delaminations. 

The  central  aspect  of  interest  in  this  sample  is  to  determine  the  order  of  the 
failure  process.  In  particular,  the  inner-surface  photograph  clearly  shows  transverse 
cracking  in  the  [±10°]  layers  extending  well  beyond  the  delaminated  region.  As  such, 
it  seems  unlikely  that  the  transverse  cracking  is  caused  by  the  failure;  rather,  it  should 
precede  the  overall  failure.  This  hypothesis  is  investigated  further  by  examination  of 
specimen  B,  which  exhibits  transverse  cracks  in  a region  well  removed  from  the 
major  delaminations. 


Photo  I.D.  Nos.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.1618,92.1619  2 5-B  4K  N/A 

These  photos  show  a region  of  the  tube  away  from  the  major  failure  (very 
near  the  other  end,  in  fact).  The  interesting  aspect  of  this  area  is  the  large  transverse 
crack  extending  along  the  length  of  the  specimen.  This  crack  branches  at  several 
points  between  the  -f  10°  and  -10°  directions;  it  is  associated  with  some  small 
delaminations. 

The  regions  marked  "MET"  in  the  photograph  were  the  sites  sectioned  for 
metallographic  mounts  92.0367  and  92.0368.  The  major  interests  in  these  sites  were 
to  determine  the  extent  of  the  crack  through  the  sample  thickness  and  the  coupling  of 
crack  paths  between  the  -I- 10°  and  -10°  directions.  Also  of  interest  was  the  relation- 
ship between  delamination  and  transverse  cracking  in  an  area  removed  from  the  major 
failure. 
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Photo  ID.  No.:  92 A6{6  Tube  Type:  2 Specimen:  5- A Test  Temp.:  4 K Magnification:  Nl A 
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Photo  I. D.  No.:  92.1617  Tube  Type:  2 Specimen:  5-K  Test  Temp.:  Magnification:  N/A 
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Photo  I. D.  No.:  92.1618  Tube  Type:  2 Specimen:  5-B  Test  Temp.:  A Magnification:  N/A 


I 


Photo  I. D.  No,:  92 .\6\9  Tube  Type:  2 Specimen:  5-B  Test  Temp.:  4 K Magnification:  N/ A 


Photo  I.D.  Nos.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.1622,  92.1623  3 1-B  295  K N/A 

These  photos  show  the  failed  region  of  the  sample  exhibiting  significant 
delamination.  The  extent  of  the  failure  region  in  the  type  3 ([±82/+45/±  103]^ 
specimens  was  considerably  more  local  than  that  in  the  type  1 ([±  10]„)  specimens. 

The  interest  in  this  region  was  to  assess  the  extent  of  delamination  along  the 
length  of  the  specimen  away  from  the  fractured  end.  The  inner-diameter  photo  shows 
the  surfaces  selected  for  metallographic  examination  (labeled  "MET"). 

The  scanning  electron  micrographs  (I.D.  No.s  2CXQ  through  2CXA+)  were 
taken  of  the  outer  diameter  of  this  specimen  from  the  edge  of  the  fractured  region  into 
its  interior.  The  SEM  specimen  was  taken  from  subsurface  layers  of  this  region  in  the 
location  illustrated  in  the  copy  on  page  IX-45. 


Photo  I.D.  Nos.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.1620,92.1621  5 3-A  76  K N/A 

These  photos  show  a region  away  from  the  failed  region  of  this  tube.  The 
failure  mode  in  this  region  is  transverse  cracking,  much  like  that  in  the  type  1 tube 
specimens.  This  effect  is  highly  visible  in  both  outer-  and  inner-surface  photos. 

Metallographic  specimens  were  made  to  examine  the  sections  labelled  "MET"  in  the 
outer-diameter  photograph.  One  metallographic  specimen  (mount  it  92.0369)  was 
taken  from  the  region  bordering  the  visible  delamination  in  the  upper  region  of  the 
tube  segment,  the  other  (mount  # 92.0370)  was  taken  from  a the  region  exhibiting 
transverse  cracking,  but  no  visible  delamination,  and  located  closer  to  the  potted  end 
of  the  tube  specimen. 
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Photo  I.D.  No.:  92A622  Tube  Type:  I Specimen:  \-B  Test  Temp.:  295  K Magnification:  Nik 
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Photo  I. D.  No.:  92.1623  Tube  Type:  2)  Specimen:  1-B  Test  Temp.:  295  Magnification:  N/A 
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Photo  I.D.  No.:  92A620  Tube  Type:  5 Specimen:  l-N  Test  Temp.:  16  Y.  Magnification:  NIK 
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Photo  I. D.  No.:  92.1621  Tube  Type:  5 Specimen:  3-A  Test  Temp.:  16  Magnification:  N/A 


Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 
SEM2CXQ  3 1-B  295  K 20  x 

This  photo  shows  the  central  region  of  the  SEM  specimen  from  which  all 
higher  magnification  SEM  micrographs  were  taken.  This  region  was  chosen  because  it 
is  a delamination  surface  that  also  shows  fractures  in  both  the  45°  and  10°  layers. 

The  specimen  surface  lies  across  the  [±45°]  layers  just  outside  the  tube  mid- 
surface. It  lies  below  the  exposed  cross-plied  region  in  photograph  92.1618  and  is  not 
visible  in  that  photo.  The  top  half  of  the  photograph  shows  a delaminated  surface  at 
-1-45°,  whereas  the  lower  third  of  the  photo  shows  a similar  delaminated  surface,  but 
in  the  -45°  layer.  In  between  the  two  surface  regions  lies  a region  containing  a crack 
along  the  -45°  direction,  extending  through  the  thickness  of  the  specimen  into  the 
visible  upper  surface  of  a -f  10°  layer.  The  crack  is  also  associated  with  visible  fiber 
breakages  in  the  -45°  layer. 

The  copy  of  the  SEM  photograph  below  indicates  the  regions  in  which  the 
higher  magnification  SEM  micrographs  were  taken.  This  should  be  used  as  a guide 
when  considering  the  features  visible  in  the  more  detailed  photographs. 
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zcxv 


ZCXZ 


Photo  ID.  No.:  2CXQ 


Tube  Type:  3 


Specimen:  1-B  Test  Temp.:  295  K 


Magnification:  20  x 
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Photo  I.D.  Nos.  Tube  Type  Specimen  Test  Temp.  Magnification 
SEM2CXR,  2CXS  3 1-B  295  K 200 x,  500 x 

These  micrographs  show  a delaminated  region  within  the  +45°  layer  occur- 
ring approximately  in  the  center  of  the  layer’s  thickness.  The  fracture  surface  is  char- 
acterized by  visible  fibers,  some  portions  of  which  appear  well-covered  by  matrix 
material.  There  is  also  considerable  evidence  of  matrix-matrix  fracture  away  from 
fibers.  This  is  best  examined  in  the  500 x micrograph  (2CXS). 

It  is  clear  from  these  photographs  that  delaminations  involve  matrix  failures 
both  at  the  fiber-matrix  interface  and  within  matrix-rich  regions  between  fibers.  The 
degree  of  fiber-matrix  adhesion  is  not  well-characterized  by  examination  of  these 
regions.  Some  fibers  appear  to  be  well-bonded  and  embedded  into  the  matrix,  whereas 
at  least  one  fiber  has  been  pulled  out  of  the  matrix  along  its  length,  as  is  visible  in  the 
higher  magnification  micrograph. 
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Photo  I.D.  No.:  2CXR 
Tube  Type:  3 
Specimen:  1-B 
Test  Temp.:  295  K 
Magnification:  200  x 


Photo  I.D.  No.:  2CXS 
Tube  Type:  3 
Specimen:  1-B 
Test  Temp.:  295  K 
Magnification:  500  x 


IX-49 


Photo  I.D.  Nos.  Tube  Type  Specimen 
SEM  2CXT,  2CXU  3 1-B 


1-B 


Test  Temp.  Magnification 

295  K 200x,500x 


These  micrographs  show  a delaminated  region  within  the  +45°  layer  char- 
acterized primarily  by  failure  in  a matrix-rich  region.  In  this  region,  fibers  are  gen- 
erally not  exposed  by  the  fracture  as  much  as  in  the  region  of  micrographs  2CXR  and 
2CXS.  This  is  most  probably  due  to  the  presence  of  a matrix-rich  region  here,  where 
a fiber-rich  region  appears  in  the  previous  micrographs. 

The  high-magnification  micrograph  shows  considerable  matrix  damage  due 
to  the  fracture.  One  fiber,  or  its  matrix  sheath,  is  seen  to  have  buckled  or  have  been 
pulled  out  of  the  delamination  surface  by  the  fracture  itself.  The  fibers  visible  in  this 
photo  appear  very  well-immersed  in  matrix  material,  indicating  fairly  good  fiber- 
matrix  adhesion. 
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Photo  ID.  No.:  2CXT 
Tube  Type:  3 
Specimen:  1-B 
Test  Temp.:  295  K 
Magnification:  200  x 


Photo  I. D.  No.:  2CXU 
Tube  Type:  3 
Specimen:  1-B 
Test  Temp.:  295  K 
Magnification:  500  x 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 
SEM2CXW  3 1-B  295  K 200  x 

This  micrograph  shows  a bundle  of  fibers  pulled  transversely  from  the  +45° 
layer.  Within  the  bundle,  poor  matrix-fiber  adhesion  is  observed  in  some  regions  and 
good  adhesion  is  evident  in  others.  The  bundle  appears  to  have  separated  cleanly 
along  the  underside  at  the  layer  boundary  between  the  +45°  and  -45°  layers.  A 
matrix-rich  failure  region  can  be  seen  to  the  right  of  the  fiber  bundle. 
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Photo  I.D.  Nos.  Tube  Type  Specimen  Test  Temp.  Magnification 
SEM2CXX,  2CXY  3 1-B  295  K 200 x,  500 x 

These  micrographs  show  the  area  of  fracture  in  the  -45°  layer  opening  up  to  a 
+ 10°  layer  below.  The  fibers  visible  in  the  upper  portion  of  the  lower  magnification 
photograph  lie  in  the  -45°  layer. 

Close  examination  of  the  10°  fibers  in  the  high-magnification  photo  reveals 
very  good  matrix-fiber  adhesion,  with  the  exposed  surface  showing  considerable  shear 
failure  in  the  matrix  material.  This  is  not  surprising,  given  the  magnitude  of  the  inter- 
facial  shearing  present  at  the  10°/45°  boundary. 

The  large,  partially  detached,  matrix-rich  region  just  below  the  -45°  layer 
shows  surfaces  characteristic  of  shear  and  tensile  fractures,  underscoring  the  coupled 
nature  of  the  stress  fields  acting  on  the  matrix.  That  such  large,  isolated  regions  of 
pure  matrix  material  are  present  in  the  composite  is  noteworthy  in  itself,  since  the 
character  of  local  failures  may  be  influenced  greatly  by  the  load  redistribution  to 
fibers  around  the  edges  of  such  regions. 
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Photo  LD.  No.:  2CXX 


Tube  Type:  3 
Specimen:  1-B 
Test  Temp.:  295  K 
Magnification:  200  x 


Photo  I.D.  No.:  2CXY 
Tube  Type:  3 
Specimen:  1-B 
Test  Temp.:  295  K 
Magnification:  500  x 
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Photo  I.D.  Nos.  Tube  Type  Specimen 
SEM  2CXZ,  2CXA+  3 1-B 


1-B 


Test  Temp.  Magnification 

295  K 200x,500x 


These  micrographs  show  the  fracture  in  the  -45°  layer  leading  to  a delami- 
nated region  running  up  and  to  the  right  under  the  layer.  The  delamination  propagates 
visibly  through  a matrix-rich  region,  and  the  delaminated  surface  is  characterized  by 
the  expected  tensile  matrix  failure. 

The  degree  of  embedment  of  the  visible  fibers  in  the  matrix  on  the  surface  of 
the  -45°  layer  indicates  good  fiber-matrix  adhesion  in  this  region.  Some  clumps  of 
matrix  material  from  the  overlying  -1-45°  layer  are  also  visibly  attached  to  the  under- 
lying -45°  fibers  in  the  lower  magnification  photo.  These  clumps  are  composed  exclu- 
sively of  matrix  material,  indicating  that  they  also  formed  matrix-rich  regions  in  the 
specimen.  That  they  have  remained  attached  to  the  -45°  layer  is  also  indicative  of 
good  adhesion  between  the  fiber  and  matrix. 
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Photo  ID.  No.:  2CXZ 


Tube  Type:  3 
Specimen:  1-B 
Test  Temp.:  295  K 
Magnification:  200  x 


Photo  ID.  No.:  2CXA  + 
Tube  Type:  3 
Specimen:  1 -B 
Test  Temp.:  295  K 
Magnification:  500  x 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 
SEM2CX2  3 1-B  295  K 200  x 

This  micrograph  shows  fibers  on  the  surface  of  the  -45°  layer,  some  of 
which  have  been  pulled  out  of  the  layer  by  the  delamination  which  exposed  the  layer. 
Some  of  the  fibers  shown  in  this  photo  have  considerable  amounts  ofjemaining 
matrix  material  attached  along  their  length,  indicating  fairly  good  fiber-matrix  ad- 
hesion. Some  delamination  is  also  visible  below  the  well-bonded  gro'iup^'f  fibers 
running  through  the  center  of  the  region. 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.2237  2 5-B  4K  15  x 

This  optical  micrograph  shows  the  cross  section  of  the  specimen  in  the  region  of  a visible 
transverse  crack. 

The  fiber  volume  fraction  in  the  bulk  specimen  is  seen  to  be  high,  but  a very  large  void 
content  is  also  evident.  Four  very  large  voids  are  visible  in  the  specimen,  along  with  hundreds  of 
smaller  voids  ranging  in  size  from  roughly  30  /zm  to  250  /zm.  The  smaller  voids  are  located 
throughout  the  cross  section,  without  noticeable  aggregation  either  at  layer  boundaries  or  within  layer 
interiors.  The  larger  voids  are  always  present  at  interlayer  boundaries. 

The  fiber  layers  are  seen  to  vary  considerably  in  thickness  along  the  circumference  of  the 
tube.  Visual  examination  indicates  that  the  thinner  layer  regions  have  higher  fiber  volume  fractions 
than  the  thicker  layer  regions.  Rough  measurements  indicate  up  to  100%  variation  in  the  layer 
thickness,  from  about  330  /zm  (0.013  in)  to  about  660  /zm  (0.026  in).  These  variations  occur  over 
circumferential  distances  of  the  order  of  0.5  cm  (0.20  in)  and  are  seen  to  be  associated  with  the  crack 
path  in  only  one  case. 

The  central  transverse  fracture  propagates  entirely  through  the  section  with  much  branching 
and  many  associated  parallel  cracks.  The  fracture  runs  through  the  largest  void  visible  in  the  region, 
although  it  is  noteworthy  that  the  void  visible  to  the  right  of  the  fracture  line  in  the  center  of  the 
section  thickness  completely  breaks  the  transverse  continuity  of  a single  layer  without  any  evidence  of 
cracks  propagating  through  or  around  it.  This  indicates  that  the  voids  may  not  necessarily  serve  as 
initiation  sites  for  the  transverse  fractures— an  observation  supported  by  the  path  of  the  major  fracture 
through  void-free  regions  of  several  layers. 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 

92.2238  2 5-B  4K  100  x 

This  micrograph  shows  the  path  of  the  transverse  fracture  near  the  outer- 
surface  region  of  the  specimen.  Two  complete  layers,  one  at  + 10°  and  one  at  -10°, 
are  shown  through  their  thicknesses.  The  thickness  of  each  layer  is  approximately 
400  fim  (0.016  in). 

The  character  of  the  transverse  fracture  is  well-established  in  this  micrograph. 
The  crack  propagates  between  fibers  everywhere,  and  it  seems  to  prefer  a path 
through  regions  of  relatively  densely  packed  fibers.  Since  the  fibers  are  sites  of  large 
transverse-stress  concentrations  in  the  matrix  material,  the  observed  fracture  path 
seems  indicative  of  matrix  tensile  failure  occurring  between  closely  spaced  fibers. 

The  micrograph  also  shows  branching  of  the  fracture  into  small,  interlaminar 
delamination  cracks  at  layer  boundaries.  This  behavior  is  somewhat  evident  through 
the  entire  thickness  of  the  specimen,  but  the  delaminations  seem  not  to  propagate  very 
far  beyond  the  immediate  neighborhood  of  the  through-thickness  crack  path. 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.2239  2 5-B  4K  100  x 

This  photo  shows  the  path  of  the  transverse  fracture  into  a thick-layer  region 
from  a relatively  thin  layer  above.  Crack  propagation  through  the  matrix-rich  region 
slightly  left  of  the  center  of  the  photo  appears  indicative  of  a shear  failure  of  the 
matrix  in  this  region,  as  evidenced  by  the  occurrence  of  many  parallel  branches  of  the 
crack. 


Again,  the  crack  is  observed  to  propagate  through  regions  with  relatively 
densely  packed  fibers.  This  micrograph  also  shows  two  parallel  crack  paths  running 
through  voids  roughly  85  nm  (0.0033  in)  in  diameter.  Also,  branching  along  the 
interlayer  boundaries  is  evident,  although  the  delaminations  do  not  tend  to  grow 
beyond  the  region  bounded  by  the  through-thickness,  transverse  cracks. 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.2240  2 5-B  4 K 160X 

This  micrograph  shows  the  propagation  of  the  transverse  cracks  through  the 
largest  void  in  the  specimen.  The  void  measures  roughly  690  ^m  (0.027  in)  by  140 
fim  (0.0055  in).  Its  lower  edge  lies  along  a boundary  between  the  + 10°  and  -10° 
layers. 


The  main  crack  path  runs  vertically  into  the  void  region  at  both  ends  and  is 
not  associated  with  delamination  at  either  end  of  the  void.  That  delaminations  are  not 
visible,  despite  the  occurrence  of  the  void  at  a layer  boundary  and  the  presence  of 
other  sizeable  voids  at  either  end  of  the  large  void,  indicates  strongly  that  this  region 
showed  no  tendency  to  delaminate  whatsoever  prior  to  failure.  Since  transverse  cracks 
like  the  one  examined  in  this  specimen  appear  throughout  failed  tubes  of  this  type,  it 
stands  to  reason  that  the  transverse  failures  precede  overall  failure  of  the  tube.  These 
transverse  failures  are  not  catastrophic  in  and  of  themselves,  although  a confluence  of 
sizeable  transverse  cracks  may,  in  fact,  precipitate  overall  failure. 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 

92.2230  3 1-B  295  K 10  x 

This  photo  shows  nearly  the  entire  thickness  of  the  specimen.  The  failure  is 
characterized  by  widespread  delamination  occurring  mainly  on  boundaries  between  the 
10°  and  45°  layers,  although  some  delaminations  are  evident  between  the  + 10°  and 
-10°  layers  as  well.  The  10°  layers  also  show  considerable  transverse  cracking 
through  their  thicknesses. 

As  in  the  previous  specimen,  considerable  layer  thickness  variability  is  evident 
along  with  regions  of  drastically  reduced  fiber  volume  fraction,  especially  in  the  82° 
layers.  Void  content  is  also  high,  especially  in  the  10°  layers. 

Of  particular  interest  is  the  drop-off  at  a 10°  layer  near  the  top  center  area  of 
the  micrograph.  The  drop-off  region  is  associated  with  a large  void  and  considerable 
transverse  cracking  in  the  45°  layer  immediately  above. 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 

92.2231  3 1-B  295  K 31.5x 

This  micrograph  shows  the  region  of  the  specimen  around  the  10°  layer  drop- 
off. Large  voids,  as  long  as  1 mm,  and  considerable  transverse  cracking  are  visible  in 
the  45°  layer  immediately  above  the  dropped  layer.  The  transverse  cracks  coalesce 
into  a delamination  running  to  the  left  at  the  interface  between  the  45°  and  10°  layers. 
Cracks  in  the  45°  layer  are  visible  for  a large  distance  along  the  delamination. 

The  layer  drop-off  region  is  characterized  by  low  fiber  volume  fraction,  but  it 
does  not  appear  to  have  a significantly  higher  void  content  than  other  regions  of  the 
specimen,  with  the  exception  of  the  two  large  voids  through  which  the  delamination 
runs  at  the  layer  interface. 
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Photo  I.D.  No. 
92.2232 


Tube  Type  Specimen 
3 1-B 


Test  Temp.  Mamification 
295  K 63  X 


This  micrograph  shows  detail  of  the  delaminated  region  between  the  outermost 
10°  layer  and  its  adjacent  45°  layer.  The  branching  transverse  cracks  extending  up- 
ward into  the  45°  layer  are  most  probably  the  result  of  the  delamination  because  the 
10°  layer  is  displaced  downward  and  to  the  left  after  delamination,  indicating  tension 
normal  to  the  branching  cracks  during  failure.  Also,  the  branching  cracks  would  tend 
to  stop  delamination,  were  they  to  have  preceded  it,  because  they  would  tend  to  re- 
lieve the  tensile  stress  across  the  layer  interface.  The  next  page  contains  a micrograph 
of  the  same  area  at  higher  magnification. 


Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.2233  3 1-B  295  K 200  x 

This  high-magnification  photo  of  the  area  shown  on  the  previous  page  shows 
the  branching  cracks  to  run  primarily  through  matrix-rich  regions,  in  contrast  to  the 
transverse  cracking  observed  in  the  [±  10]j,  specimen  which  ran  through  regions  dense 
in  fibers.  This  further  supports  the  hypothesis  that  such  cracking  results  from  the 
catastrophic  event  of  the  delamination. 
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Photo  I.D.  No. 
92.3334 


Tube  Type  Specimen 
3 1-B 


Test  Temp. 
295  K 


Magnification 
50  X 


This  micrograph  shows  detail  of  a region  near  the  inner  surface  of  the  tube 
specimen  where  substantial  delamination  between  the  45°  and  81°  layers  has  taken 
place,  and  where  a large  transverse  crack  in  the  45°  layer  turns  into  a short  delamina- 
tion between  adjacent  +45°  layers.  A micrograph  at  higher  magnification  appears  on 
the  next  page. 


The  transverse  crack  running  through  the  thickness  of  the  45°  layer  appears  to 
be  characterized  by  matrix  shear  and  tension,  with  failures  propagating  between  fiber 
edges.  This  is  substantiated  by  the  primarily  leftward  displacement  of  the  region 
below  the  delamination— a direction  consistent  with  such  forces. 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.3335  3 1-B  295  K 160x 

This  micrograph  at  higher  magnification  of  the  specimen  area  shown  on  the 
previous  page  suggests  that  the  delamination  occurred  before  the  through-thickness 
crack.  It  very  clearly  shows  deformed  regions  of  matrix  material  in  the  layer  above 
(outside)  the  delamination  which  indicate  that  the  lower  45°  layer  moved  initially  to 
the  right  of  the  upper  layer,  pulling  matrix  material  to  the  right  and  downward  as  the 
delamination  progressed.  At  some  point,  perhaps  at  final  failure,  this  shearing 
produced  sulficient  force  to  fracture  the  lower  layer  out  to  the  delaminated  surface 
layer.  The  likely  presence  of  voids  in  the  path  of  the  transverse  crack  near  the  surface 
layer  interface  may  have  precipitated  the  fracture  at  this  location. 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.2236  3 1-B  295  K 160x 

This  micrograph  shows  a delamination  between  adjacent  +10°  layers.  The 
delamination  runs  mostly  through  the  matrix-rich  region  between  layers.  Deformation 
of  the  matrix  region  at  the  top  of  the  delamination  indicates  a shearing  failure  in 
which  the  lower  10°  layer  was  pulled  down  and  to  the  left  from  the  upper  layer. 
Whether  this  delamination  preceded  or  followed  the  major  failure  of  the  tube  cannot 
be  determined. 
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Photo  I.D.  No. 
92.2241 


Tube  Type 
5 


Specimen 

3-A 


Magnification 

12x 


Test  Temp. 

76  K 

This  micrograph  shows  the  section  of  the  specimen  taken  from  the  lower  edge 
of  the  tube’s  visibly  delaminated  region.  Remarkably  lower  void  content  is  evident  in 
this  specimen,  unlike  the  other  types.  Layer  thickness  is  seen  to  be  significantly 
variable  (up  to  ~ 100%),  as  in  other  specimens. 

The  aspect  of  primary  interest  in  this  specimen  is  the  transverse  cracking,  evi- 
dent throughout  the  thickness  of  the  specimen.  An  interesting  aspect  of  this  cracking  is 
the  observation  that  most  cracks  do  not  propagate  directly  through  the  thickness  of 
the  hoop-wound  (82°)  layers.  Instead,  the  cracks  seem  either  to  propagate  diagonally 
across  the  82°  layers  or  to  be  arrested  entirely  by  the  82°  layer.  This  phenomenon  is 
examined  further  in  the  following  micrographs. 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 

92.2242  5 3-A  76  K 40  x 

This  micrograph  shows  a region  between  the  two  outermost  82°  layers  of  the 
specimen.  A transverse  crack  runs  vertically  through  six  [±  10]  layers  from  the  outer- 
most 82°  layer  to  the  next.  The  character  of  the  transverse  crack  is  very  similar  to 
that  observed  in  the  [ + 10]  (type  2)  specimens,  in  that  the  crack  tends  to  propagate 
through  regions  densely  packed  with  fibers. 

The  crack  branches  at  several  locations,  the  most  notable  is  at  the  outer  sur- 
face of  the  sixth  10°  layer  from  the  specimen  surface,  where  the  crack  branches  into  a 
delamination  running  to  the  left  through  a fiber-rich  interlayer  interface  for  a distance 
of  about  625  pm  (0.025  in).  The  crack  path  does  not  appear  to  be  continuous  through 
the  embedded  82°  layer,  but  seems  to  be  associated  with  a diagonal  crack  through  this 
layer  that  connects  with  another  transverse  through  crack  in  the  next-inner  10°  layer. 

This  micrograph  also  illustrates  the  variability  of  fiber  volume  fraction  within 
both  10°  and  82°  layers,  but  especially  within  the  82°  layers. 
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Photo  LD.  No.:  99.2242 


Tube  Type:  5 


Specimen:  3-A 


Test  Temp.  76  K 


Magnification:  40  x 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 
92.2243  5 3-A  76  K 80  x 

This  micrograph  shows  further  detail  of  the  branching  crack,  its  associated 
delamination,  and  nearby  cracks  through  the  adjacent  82°  layer.  The  crack  above  the 
82°  layer  is  evidently  terminated  in  a void  at  the  10°/82°  layer  interface.  This  void  is 
small  by  the  standards  of  the  other  specimen  types:  it  is  roughly  50  fim  (0.002  in) 
long. 


The  crack  through  the  82°  layer  appears  connected  with  the  crack  in  the  inner 
10°  layer,  the  top  of  which  is  just  visible  at  the  bottom  of  the  photograph.  There 
appears  to  be  no  connection  at  this  section  between  the  crack  propagating  upward 
through  the  [±  10]  layers  and  the  crack  through  the  82°  layer. 

The  crack  above  the  82°  layer  branches  at  several  locations  into  a network  of 
smaller  transverse  cracks.  The  delamination  running  along  the  10°  interlayer  boundary 
follows  the  inner  surface  of  the  outer  visible  10°  layer  very  closely,  even  into  the 
matrix-rich  region  well  to  the  left  of  the  main  crack  path.  This  observation  would 
support  the  hypothesis  that  transverse  (or  delaminating)  tensile  cracks  form  in  the 
matrix  material  at  fiber  boundaries,  either  due  to  the  degree  of  the  transverse  stress 
concentration  caused  by  the  fiber  or  due  to  a weakened  interface  caused  by  low 
fiber-matrix  adhesion  strengths. 
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Photo  LD.  No.:  99.2243  Tube  Type:  5 Specimen:  3- A Test  Temp.:  76  K Magnification:  80 x 
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Photo  I.D.  No.  Tube  Type  Specimen  Test  Temp.  Magnification 

92.2245  5 3-A  76  K 12  x 

This  micrograph,  and  the  one  following,  were  taken  from  a region  of  the 
specimen  away  from  the  final  failure  and  delaminated  regions,  but  exhibiting  visible 
transverse  cracking  in  the  [+10]  layers.  This  cracking  is  evident  through  the  thickness 
of  the  specimen,  and  it  appears  with  some  fairly  regularly  spaced  cracking  observed 
on  the  surface  of  the  82°  layer.  As  typical  of  specimens  from  this  tube,  void  content 
is  relatively  low,  although  considerable  variations  can  be  seen  in  layer  thickness  and 
local  fiber  content. 

Transverse  cracking  in  the  10°  layers  appears,  as  it  does  in  the  other  speci- 
mens, with  crack  paths  progressing  directly  through  the  entire  thicknesses  of  the  10° 
layers  and  with  some  branching.  The  cracks  are  seen  not  to  propagate  directly  through 
the  82°  layers.  Considerably  fewer  transverse  cracks  are  noticed  in  this  region  of  the 
tube  than  in  that  corresponding  to  micrograph  92.2241,  and  none  of  the  cracks  in  the 
present  specimen  are  visibly  associated  with  a delamination. 

The  notable  aspect  of  this  micrograph  is  the  fairly  regularly  spaced  occurrence 
of  transverse  cracks  in  the  outer  surface  82°  layer.  These  cracks  occur  roughly  every 
3 mm  (0.13  in),  and  they  may  be  associated  with  the  visibly  whitened  striations 
visible  on  the  surface  of  the  specimen  in  photograph  92.1620.  (Note  that  the  metallo- 
graphic  specimen’s  surface  is  oriented  at  an  angle  to  the  tube  axis.)  That  these  cracks 
are  so  regularly  spaced  may  indicate  their  cause  to  be  related  to  thermal  stresses. 
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Specimen: 


3-A 


Test  Temp.:  76  K 


Photo  ID.  No.:  99.2245  Tube  Type: 


Magnification:  12 
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Photo  I.D.  No. 
92.2246 


Tube  Type  Specimen 
5 3-A 


Test  Temp. 
76  K 


Magnification 
62.5  X 


This  micrograph  shows  detail  of  the  central  area  of  photo  no.  92.2245  at  the 

surface. 

The  transverse  crack  running  down  through  the  10°  layers  shows  a mor- 
phology similar  to  those  documented  previously,  with  the  transverse  failure  appearing 
to  propagate  through  regions  of  dense  fiber  concentration.  Of  interest  in  this  crack  is 
the  occurrence  of  two  voids;  one  at  the  interface  between  the  surface  81°  layer  and 
the  subsurface  10°  layer,  and  one  adjacent  to  a matrix-rich  line  just  below  the  inter- 
face. The  crack  initiates  and  terminates  at  the  first  void,  and  it  propagates  directly 
through  the  second. 

The  transverse  crack  in  the  surface  81°  layer  propagates  through  the  entire 
layer  thickness  and  then  along  the  topmost  fibers  of  the  subsurface  10°  layer  for  a 
distance  of  roughly  120  nm  (0.005  in).  Generally,  little  coupling  is  evident  between 
the  surface-layer  transverse  cracks  and  those  running  through  the  10°  layers. 
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Appendix  B.  FORTRAN  Program  for  Estimating  Layer  Elastic  Properties 

of  Fiberglass  Tubes 


The  FORTRAN  program  and  subroutines  for  computing  best-fit  2-D  laminated-plate  material 
properties  from  NIST  test  data: 


C=DECK  PROPS  PROPS  FORTRAN 

C=PURPOSE  Driver  for  NIST  Test  sample  Properties  extraction 
C=AUTHOR  Regelbrugge 
C=BLOCK  FORTRAN 


c 

C 

C 

C 


c 


c 


c 

C 


c 

c 

c 

c 

c 

c 


c 

c 

c 


c 


program  PROPS 

Match  NIST  test  data  with  engineering  properties 

parameter  ( DSTEP  = 0.010  ) 
parameter  ( MAXCUT  = 10  ) 
parameter  ( CONVRG  = l.OOE-08  ) 

parameter  ( MAXLAY  = 4 ) 
parameter  ( TYPES  = 3 ) 


$ 


character  samplers,  arg*64 
logical  prompt 

integer  type,  i,  j,  k,  ncuts , nit 
real  x(4) , p(4) , dp(4) , dydp(4,2),  y(2) , 
obj(3),  dobj (4) , objmin 


dnrm , 


real  q(6) , dq(6,2),  strain(3) 


integer  nlay (TYPES) 

real  angle (MAXLAY,  TYPES),  pct(MAXLAY,  TYPES),  step 


Number  of  Layers  in  each  Layup  type 
data  nlay  / 1 , 3 , 2 / 


Winding  Angles  of  layers  in  each  layup  type 


data  angle  / 10.0, 
$ 10.0, 
$ 10.0, 


0.0,  0.0,  0.0, 

45.0,  81.0,  0.0, 

81.0,  0.0,  0.0  / 


Percentages  of  each  layer  orientation  in  each  layup  type 


data  pet  / 1.0000,  0.0000,  0.0000,  0.0, 

$ 0.5000,  0.3333,  0.1667,  0.0, 

$ 0.9286,  0.0714,  0.0000,  0.0  / 
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c 

C+- 

c! 

c+- 

c 

c 

c 

c 

c 

c 

c 


iteration  stepsize 

data  step  / 5.0  / 

Initial  Properties  Estimate 

data  p / 6.0E+06,  l.OE+06,  0.50E+06,  0.25  / 
data  nit  / 0 / 

Read  In  Data 


I 

■ + 


check  args  for  "-p" 
prompt  = .TRUE. 

(NOTE:  this  is  UNIX-particular  code.  Comment  out  the  next  7 lines 
if  these  functions  are  not  available.) 

j = lARGCO 
if(  j .gt.  0 ) then 
do  1 i = 1 , j 

call  GETARG(  i,  arg  ) 

if(  CMATCH(  arg,  '-P"'  ) ) prompt  = .FALSE, 
continue 
end  if 

if(  prompt  ) write ( 6,  '(A,$)'  ) 'Sample  Number:  ' 
read(  5,  '(A)'  ) sample 

UPCASE:  UNIX  utility  to  convert  input  to  uppercase 

call  UPCASE(  sample  ) 

type  = ISAMPL(  sample  ) 

if(  type  .It.  1 .or.  type  .gt.  3 ) then 
write(6,  '(A,  II,  A)'  ) 

$ 'Bad  Type  Input  ( ' , type , ' ) Must  be  1,  2 or  3' 

STOP 
end  if 

if(  prompt  ) write(  6,  '(A,$)'  ) 'Test  Data  (E,  nu) : ' 
read(  5,  *)  y(l),  y(2) 

write(  6,  4000  ) sample,  type,  y(l) , y(2) 

Normalize  and  nondimensionalize  properties 

do  3 i ■=  1 , 3 

x(i)  = p(i)/y(l) 
continue 
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x(4)  = p(4)/y(2) 
c 

c calculate  objective  quantities  (COEFF  computes  layup  properties) 
c 

call  COEFF(  nlay(type)  , angle (1,  type)  , pct(l , t3q)e)  , 

$ P.  q ) 

obj(l)  = 1.0  - q(l)/y(l) 
obj(2)  = 1.0  - q(2)/q(3)/y(2) 
obj(3)  = obj (l)*obj (1)  + obj (2)*obj (2) 
objmin  = obj(3) 
c 

C+ 

Cj  Iteration  Loop  (555) 

C+ 


c 

c Form  Computed  Values 
c 

555  nit  = nit  + 1 
do  4 i = 1,  4 
4 dp(i)  = p(i) 

c 


C+- 


perturb  parameters  for  difference  gradients  (22  Loop) 


C+- 


do  22  k = 1,  2 
do  20  j =1,  4 

a)  perturb  parameters  to  compute  gradient  of  objective 


dp(j)  = P(j)  + DSTEP  * p(j) 

call  COEFF ( nlay(type) , angle (1 , type) , pct(l,type), 

$ dp,  dq(l,l)  ) 

dp(j)  = PCj)  - DSTEP  * p(j) 

call  C0EFF(  nlay(type) , angle(l , type) , pct(l,type), 

$ dp,  dq(l,2)  ) 

dp(j)  = P(j) 

if(  k .eq.  1 ) then 

dydp(j,  k)  = dq(l,l)  - dq(l,2) 
dydp(j,  k)  = dydp(j,  k)  / (2.0  * DSTEP  * p(j)) 

if(  j .eq.  4 ) dydp(j,  k)  = dydp(j , k)  * y(2)/y(l) 

else 

dydp(j,  k)  = (dq(2,l)  / dq(3,l)) 

$ - (dq(2,2)  / dq(3,2)) 

dydp(j,  k)  = dydp(j,  k)  / (2.0  * DSTEP  * p(j)) 

if(  j .ne.  4 ) dydp(j , k)  = dydp(j , k)  * y(l)/y(2) 

end  if 

20  continue 

22  continue 


c 


+ 

I 

I 

+ 


+ 

I 

I 

+ 
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c b)  calculate  negative  gradient  in  dobjO 
c 

dnrm  “ 0.0 
do  27  j = 1,  4 

dobj(j)  = 2.0*(  obj (l)*dydp(j , 1)  + obj (2)*dydp ( j , 2)  ) 
dnrm  = dnrm  + dobj ( j )*dobj ( j ) 

27  continue 


C+ 

C[  update  parameters  (111  Loop) 

C+ - 

c 

ncuts  = 0 

111  do  135  j = 1,  4 

if(  j .eq.  4 ) dp(j)  = p(i)  + y (2)*dobj ( j )*(step*DSTEP) 
if(  j .ne.  4 ) dp(j)  = p(j)  + y(l)*dobj  (j  )*(step*DSTEP) 
if(  dp(j)  .le.  0.0  ) dp(j)  = p(j) 

135  continue 


c 

c update  property  estimates 
c 

call  C0EFF(  nlay(type) , angle (1 , type) , pct(l,type),  dp,  q ) 
c 

c calculate  new  objective  quantities 
c 

obj(l)  = 1.0  - q(l)/y(l) 
obj(2)  - 1.0  - q(2)/q(3)/y(2) 
obj(3)  = obj(l)*obj(l)  + obj(2)*obj(2) 
c 

C+ - - 

Cj  Iteration  Criteria:  cut  step,  continue  or  exit 
C+ 


c 

c Adjust  step  if  objective  increases  or  exit  if  MAXCUT  exceeded 
c 

if(  obj(3)  .ge.  objmin  ) then 
step  = 0.5  * step 
ncuts  = ncuts  + 1 

if(  ncuts  .It.  MAXCUT  ) GO  TO  111 

do  143  j = 1,  4 
1^3  p(j)  = dp(j) 

GO  TO  777 
c 

c continue  or  exit 
c 

else 

obi min  = obi (3) 
do  144  j = 1,  4 
P(j)  = dp(j) 

if(  objmin  .It.  CONVRG  ) GO  TO  777 
c 


+ 

I 

I 

+ 


+ 

I 

I 

+ 
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write(  4,  3999  ) nit,  obj(l),  obj(2),  (p(i),i=l,4) 


c 

CH h 

C|  End  Gradient-Descent  Iteration  Loop  (555  Loop)  { 


c 


end  if 


GO  TO  555 


c 

c Exit,  but  first  compute  final  properties 
c 

777  call  COEFF(  nlay(t3rpe)  , angle (1 , type)  , pct(l,type), 
write(6,  4001)  (p(i),  i=l,4) 
write(6,  4002)  (obj(i),  i=l,3) 
c 

STOP 

c 

c Fomnats 


c 


3999  format('  ',  14,  6(1X, IPEll .4) ) 

4000  formate ' Sample:  ' ,A, ' (Type  ',11,'):' 

$ ,/,'  Measured  E = ',  1PE10.3 

$ ' nu  = ' , 0PF6.3) 


4001  formate  ' Best-Fit  Properties:' 


$ 

EL  = ' , 

1PE10.3 

$ 

ET  = ' , 

1PE10.3 

$ 

GLT  = ' , 

1PE10.3 

$ 

nuLT  = ' , 

0PF6.3  ) 

4002  : 

formate  ' 

Error-Metric : 

',  1PE10.3, 

$ 

1PE10.3, 

$ 

1PE10.3 

$ 

(E)  + (nu) 

= (total)') 

+ 


c 


end 


C=END  FORTRAN 


p.  q ) 
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C=DECK  COEFF  COEFF  FORTRAN 

C=PURPOSE  Lamina  In-Plane  C(i,j)  Coefficients 
C=AUTHOR  Regelbrugge  3/22/92 
C=BLOCK  USAGE 
C 

Properties  passed  in  p(l-4):  EL,  ET,  GLT,  nuLT 

Upper  triangle  of  C(i,j)  (stored  by  column)  returned  in  q(l-6) 

C Assumes  balanced  laminates  and  Sum(  p(i),  i=l,nlay  ) = 1.0 
C 

C=END  USAGE 
C=BL0CK  FORTRAN 
c 

subroutine  C0EFF(  nlay,  ang,  pet,  prop,  q ) 

C 

integer  nlay 

real  ang(nlay) , pct(nlay),  prop(4),  q(6) 

C 

real  cij(6),  wrk(6),  u(5) , angle,  nult,  nutl,  fac 

c 

c initialize 
c 

nult  = prop (4) 

nutl  = nult  * prop (2)  / prop(l) 
fac  =1.0  - nult  * nutl 
q(l)  = prop(l)  / fac 
q(3)  = prop(2)  / fac 
q(2)  = nult  * q(3) 
q(4)  = 0.0 
q(5)  = 0.0 
q(6)  = prop(3) 
do  1 i = 1 , 6 
cij(i)  = 0.0 
1 continue 
c 

c Compute  Material  Invariants 
c 

call  INVAR(  q,  u ) 
c 

c Assemble  C(i,j)  for  Balanced  Layup 
c 

do  9 n = 1 , nlay 
angle  = ang(n) 

call  ROTQIJ ( u,  angle,  wrk  ) 
do  3 i = 1 , 6 

cij(i)=  cij(i)  + 0.5*wrk(i)*pct(n) 

3 continue 
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call  ROTQIJ ( u,  -angle,  wrk  ) 
do  4 i = 1 , 6 

cij(i)  = cij(i)  + 0.5*wrk(i)  *pct (n) 
4 continue 

9 continue 
c 

do  10  i = 1,6 
q(i)  = cij (i) 

10  continue 
c 

return 

end 

C=END  FORTRAN 
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C=DECK  INVAR  INVAR  FORTRAN 

C=PURPOSE  Rotational  Material  Invariants  for  Lamina 
C=AIJTH0R  Regelbrugge 
C=BLOCK  USAGE 
C 

C call  INVAR(  q,  u ) 

C 

q - Material  (Plane-Stress)  Engineering  Constants; 

i q(l)  q(2)  q(4)  | 

C(i,j)  = I q(2)  q(3)  q(5)  j 

I q(4)  q(5)  q(6)  j 

u - Rotational  Invariants 


Ref.  Jones,  Mechanics  of  Composite  Materials,  Section  2-7. 
C 

C=END  USAGE 
C=BLOCK  FORTRAN 
c 

subroutine  INVAR(  q,  u ) 
c 

C+ - 

C|  ARGUMENTS 

C+ 


c 

real  q(6) , u(5) 
c 

C+ 

C|  LOGIC 

C+ 


c 

u(l)  = 0.125  * ( 3*q(l)  + 3*q(3)  + 2*q(2)  + 4*q(6)  ) 


u(2)  = 0.500  * ( q(l) 
u(3)  = 0.125  * ( q(l) 
u(4)  = 0.125  * ( q(l) 
u(5)  = 0.125  * ( q(l) 
c 

return 

end 

C=END  FORTRAN 


- q(3)  ) 

+ q(3)  - 2*q(2)  - 4*q(6)  ) 
+ q(3)  + 6*q(2)  - 4*q(6)  ) 
+ q(3)  - 2*q(2)  + 4*q(6)  ) 


+ 

I 

I 

+ 


+ 

I 

I 

+ 
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C=DECK  ROTQIJ  ROTQIJ  FORTRAN 

C=PURPOSE  Rotate  Qij  (stiffness)  Tensor  using  Invariants 
C=AUTHOR  Regelbrugge 
C=BLOCK  USAGE 
C 

C call  ROTQIJ ( u,  angle,  q ) 

C 

C Input  Arguments 

C 

C u - Invariants 

C angle  - Angle  (degrees)  to  Rotate 

C 

C Output  Argument 

C 

C q - Rotated  Qij  Tensor 

C 

C=END  USAGE 
C=BLOCK  FORTRAN 
c 

subroutine  ROTQIJ ( u,  angle,  q ) 


c 

C+ + 

c\  ARGUMENTS  \ 


c 

real  u(5),  angle,  q(6) 


c 

C+ + 

Cj  LOGIC  ! 


c 

theta  = angle  * 3.1415926535/180. 
th2  = 2 * theta 
th4  = 4 * theta 
c2  - C0S(  th2  ) 

c4  = C0S(  th4  ) 

s2  = SIN(  th2  ) 

s4  = SIN(  th4  ) 

c 

q(l)  = u(l)  + c2  * u(2)  + c4  * u(3) 

q(3)  = u(l)  - c2  * u(2)  + c4  * u(3) 

q(2)  = u(4)  - c4  * u(3) 

q(4)  = - 0.5  * s2  * u(2)  - s4  * u(3) 
q(5)  = - 0.5  * s2  * u(2)  + s4  * u(3) 
q(6)  = u(5)  - c4  * u(3) 
c 

return 

end 

C=END  FORTRAN 
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C=DECK  ISAMPL  ISAMPL  FORTRAN 

C=PURPOSE  Retrieve  Sample  Type  from  NIST  Sample  Number 
C=BLOCK  USAGE 
C 

C if  you  really  need  to  know  what's  going  on  here,  call  me  at 
(415)424-3219. 

MER 
C 

C=END  USAGE 
C=BLOCK  FORTRAN 
c 

integer  function  ISAMPL(  name  ) 
c 

character  name*(*) 
integer  k,  m,  n 
c 

m = 0 

n = LEN(  name  ) 
do  9 k = 1 , n 

if(  name(k:k)  .ge.  'A'  .and,  name(k:k)  . le . 'z'  ) then 
read(  name(k+l:k+l) , '(II)'  ) m 
GO  TO  11 
end  if 

9 continue 
c 

11  ISAMPL  = m 
return 
end 

C=END  FORTRAN 
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